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SUMMARY

This report briefly reviews our current understandinq of the Cluster

Ion (CI) approach, describes an experimental apparatus that will (for the

first time) allow long-term studies (>104 seconds) of very large hydrogen

cluster ions (l<m/q >10 0 ) in a very high density nonneutral plasma

(densities exceeding the Classical Brillouin Limit), and makes

recommendations for future work.

The central problem is the "containerless" and "collisionless"

assembly of subatomic, atomic, and molecular fragments into bulk

antimatter, in this case solid antihydrogen "ice." It is necessary to

condense antimatter into this form to achieve favorable payload fractions

(when it is used as a fuel for propulsion) and to have a new means of high-

density energy storage (when it is used for energy storage), Since this

condensation has not been done before and must be done under "container-

less" and "collisionless" conditions (with regard to collisions with

ordinary matter), severe restrictions are placed on the methods used.

Fortunately, normal matter can be used as a simulant in all aspects of the

investigation, since the only relevant difference in the two forms of

matter in this case is the sign of the atomic charge (ignoring parity and

time). All work described in this ?:eport will refer to normal hydrogen,

unless otherwise denoted.

As a result of our research for the past two years, an appropriate

condensation method is now known whereby high density clusters may be grown

via "containerless" condensation methods. This method, the CI approach,

uses condensation of suitable reactants upon cold, trapped, hydrogen

cluster ions.

To perform this "containerless" condensation (CC), cold fragments

such as hydrogen atoms, molecules, and ions must be formed (resulting in

the release of significant amounts of chemical energy) that have little or

no translational, vibrational, or rotational energy. These cold fragments

are then assembled to form ever larger fragments. The end result of this

research will be a detailed and experimentally established "containerless"

synthetic method.
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INTRODUCTION

The future development of high-power, high-flux accelerators is

projected to result in the eventual production of significant annual yields

(milligrams) of antiprotons and positrons. The availability of this new

form of matter suggests a fascinating new science having many applications.

One application of this _,w substance (in the area of energy storage) uses

it as a propellant with unsurpassed characteristics (payload fractions,

specific impulse, thrust etc.) which make it ideally suited for missions

currently impossible. However, before it can be used in this application,

it must be put into a high-density form; it must somehow be nucleated (or

condensed) into a form that leads to high energy density and is easily

confined (levitated). Fig. 1 is a diagram of the approach for the past two

years. R. L. Forward (Refs. 1,2) has suggested frozen parahydrogen

(levitated) as an ideal form; however the means by which one obtains this

product (starting with trapped protons and electrons) was unknown. Hence,

project research for the past two years sought a means of bridging the

enormous gap between indiidual, unrecombined fermions and bulk matter.

The CI approach to "Containerless Condensation" (CC) soon emerged as a

feasible approach within constraints imposed by present-day and near-term

technology. The CI approach uses the growth and manipulation of hydrogen

cluster ions in traps using electric and magnetic fields. The main

advantages of cluster ions are these:

1. They are more stable than uncharged clusters (except H2 versus

H2). Cluster ions with mass to charge ratios beyond u=105 , have been

observed experimentally (Refs. 3,4).

2. They can be trapped, transported, and stored in devices that use

the Coulomb force (trap times of months and depths greater than 10 eV are

typical) (Refs. 5,6).

3. They have very large rate constants for collision with a neutral

antiparticle (>10- 9 cm3 s- particle- ).

4. They have a dipole-allowed IR spectrum and thus may radiatively

cocl their vibrational degrees of freedom (except H2) (Einstein A's - 103

1
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s). The spectroscopy of normal H3 (the analog of H3) has been reported

(Refs. 7-10). The radiative properties have been reviewed, (Refs. 11-13)

as have large cluster ions (Ref. 14).

5. Their translational degrees of freedom may be cooled by existing

(nonlaser) techniques.

The HCISG (Hydrogen Cluster Ion Study Group) meetings (Ref. 15)

reinforced enough of the original notions to deserve a workshop (called

CCSHCI, for Cooling Condensation and Storage of Hydrogen Cluster Ions)

devoted to a more in-depth look. Three general strategies emerged:

radiative, nonradiative, and both. For the most part, there seem to be no

promising stimulated radiative channels (and few spontaneous channels), due

primarily to the general lack of bound excited electronic states in these

systems, as shown in recent calculations on H3 (Ref. 16). Hence, one is

led to consider nonradiative pathways with the hope that spontaneous

pathways will take care of themselves. The pseudo-wall concept devised by

the author and Professor W. C. Stwalley has been implemented (in

collaboration with Professors A. Y. Wong and G. Rosenthal) as discussed in

the Experimental Design section.

The Neutral Reactants: H and H2

A brief review of these molecules in the context of CC is presented.

How to proceed with the radiative formation of the simplest antifragments

(H, H2, H-, H2 ) is still rather uncertain. For H2 tormation see Helm's

report (Ref. 17). Since H does not have discrete excited states, no way

is known to manipulate it radiatively. The formation of H may work well

in a pseudo-wall environment. The small negative cluster ions have been

removed from consideration due primarily to their instability (Refs. 13,
18).

Hydrogen atoms can be formed via stimulated recombination (the most

direct path being continuum-2p) followed by spontaneous radiation (2p-ls)

to the ground state (Fig. 2) (Refs. 19, 20). Hydrogen atoms may also be

laser cooled to near the quantum limit (Ref. 21), and otherwise laser
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size were available, one might use them as a substrate for the

recombination of hydrogen atoms. Ideally, one would like to nucleate

hydrogen atoms directly onto (or into) a cluster ion. Research is needed

that reveals how the recombination energy is coupled into the cluster ion.

Once formed, however, the means of trapping the atoms are known

(Refs. 23-25).

Unless a breakthrough occurs, any nucleation process that uses

hydrogen molecules is likely to be complicated and inefficient. A specific

nucleation pathway that uses H and avoids H2 is actively being sought.

For H2 to be useful in the nucleation of the smallest hydrogen cluster ions

(say, u<29), it must be quite cold in all of its degrees of freedom, which

is difficult to accomplish. Further difficulties are that H2 cannot

radiatively cool itself in its ground state (without the help of a third

body) and we know of no simple way of laser cooling any of its degrees of

freedom. H2 formation is difficult and inefficient and once formed there

is no known way of keeping it from annihilating on the walls (see report by

K. M. Sando, in CCSHCI proceedings). The means of making it radiatively

are currently being studied (Ref. 26). For a discussion of the

intramolecular potential, see Lester (Ref. 27).

5/6



CLUSTER ION APPROACH TO CONTAINERLESS CONDENSATION

This section is devoted to topics that relate in one way or another

to the development of CC techniques.

Hydrogen Cluster Ions: Review of Structure and Properties

As stated in the Introduction, the properties and structure are well

known for the smallest cluster ions and have been reviewed extensively

(Stwalley (Ref. 28) has prepared an extensive bibliography; see Appendix

B). Some relevant properties of cluster ions are included in Table 1

(Ref. 29).

As a review, we are considering just the positive cluster ions. This

was decided because the small negative cluster ions (excluding H) are

unstable to spontaneous detachment. Although it is known that negative

hydrogen cluster ions become stable at some (unknown) critical size, they

would still be sensitive to photodetachment, making them less desirable

(Ref. 13).

In current penning-type trapping systems a negative ion plasma is

more difficult to deal with. With a positive ion plasma, a small electron

population will simply move to the ends of the trap and be removed by the

end termination electrodes. With a negative ion plasma, a small population

of electrons would not be able to leave the system. These trapped

electrons add charge to the system and introduce the possibility of two

species diochotron instability. Such instability would probably reduce

confinement time.

The small singly charged, positive hydrogen cluster ions are well

studied both experimentally and theoretically, and are all known to be

stable. The doubly charged hydrogen cluster ions are stable for sizes

larger than about 2000 (this may be inferred from data taken from Yano

[Ref. 4]). Calculations predict the dipositive ions to be stable at size

887, tripositive ions at 2906, and the tetrapositive ions at 6196

7



TABLE 1. Overview of Particle (and Antiparticle) Properties
and Characteristics. (From Stwalley (Ref. 291).

particle e H (:p) H H H2 H H H H H H

antiparticle e- H( p) H H H2 H H H
3  

H4 H H %

binding 13.6 0.75 2.8 4.5 4.1 0 0.1 <0.01 ... 0.008 0,008

energy in e-

products - H.e- H.e H .H . . .*'"HN H2 ' "-2'2 % 2M

sensitivitiest:

A <0.2pVUV x x x x x x x x x

0.2-0.4 U ti-VIS ax (xI x x

0.7-100 i 1R X X
A> 100 u microwave x x

radiative recomb. (e I x W (x) (x) (xW (x)

dissoc. recomb. (e) - - x -x x

assoc. detach. (H x - x

rxn. aH) a x (x x 
rxn. (Hi x •-x

neutralization (H - x x x x 

radiative assoc. - x
H. H

2
)

trapping:

Penning/Paul x x - x x x x

laser x Ix?) X? x?

inhomogeneous magnet - x a

cooling:

radiative x x x x
laser - X? X? ? -

lepton (e a a x ?

transfer:

electrostatic x x x x x x x

magnetic - x

laser - (x?) (x?)

0 N assumed large (>10 
3

t All collision partners assumed to be cold.

. Reactant.

+
Refs. 30, 31). The odd-numbered cluster ions consist of an H core,

3
surrounded by H2 molecules. The even-numbered cluster ions are similarly

structured but have one attached H atom.

Large Hydrogen Cluster Ion Sizes and Trapping

Taking the density of solid hydrogen (0.076 g cm- 3) to represent the

density of a large cluster ion, one obtains the constant D - 5 x 10-23

• |



cm 3/molecule, which was used to construct Table 2. In principle, if the
correct source of hydrogen cluster ions is developed, virtually any sized
cluster ion may be trapped in the proposed ion trap, up to roughly

TABLE 2. Large Hydrogen Cluster Ion Diameters.

Cluster # Log (cluster diameter)
(# of molecules) (microns)

104 -2

107 -1

l010 0

1013 1

1016 2

1019 3

1014 atoms. This is discussed further in the section entitled "Very Cold
Hydrogen Cluster Ions."

Containerless Condensation by Pseudo-Wall Reactions

The ideal way to perform containerless condensation is to arrange
conditions whereby both radiative and nonradiative processes occur. This
section briefly discusses the concept of a pseudo-wall and presents a
number of condensation pathways based on this concept.

Introduction to Pseudo-Walls

The primary goal is a detailed understanding of the available
association channels of hydrogen cluster ions. The simultaneous
requirements of the association reactions are the release of energy,

9



conservation of momentum, and generation of a larger cluster ion.

Generally, the association pathways may be categorized as radiative, for

example,

+ +
H + H = H + hv (la)2 2 4

or nonradiative,

+ +
H+ + H = H + H (lb)2 2 3

Both of these reactions are exothermic. However, in reaction (la), a

larger cluster ion is obtained because the channel allows the excess energy

(kinetic, electronic, etc.) to be radiated as a photon. In case (lb), the

excess energy is released in the form of kinetic energy of the ejected

atom. Certain channels may exist that involve both kinds of processes

simultaneously. These channels are still being explored.

One way of ensuring that collisional and radiative relaxation

channels are favored is to manipulate the reactant densities and

temperatures, i.e., have a reaction that always involves one (or both) of

the reactants in a special condensed phase, referred to as a "pseudo-wall."

A pseudo-wall is a cold, trapped, high-density phase that is thermally

connected (via E and M fields) to the environment. This cold, high-density

condensed phase results in collective effects that may occur on short time

scales; it behaves somewhat like a wall both kinetically and thermo-

dynamically. This concept is really just an extension of the liquid and

solid pure electron plasmas that have been talked about for some time

(Refs. 32, 33). The relevant parameter is

r= e2 /(a kT),

where a is given by [() l 2 n] = 1, e is the charge, T is the
3

temperature, n is the density, and k is Boltzmann's constant. F=l defines a

plasma, at r=2 one has a liquid, and finally at r=155 one obtains a solid

pure electron plasma. r is a measure of the Coulomb potential to the

10



thermal kinetic energy in the plasma. One wants the largest range of r
obtainable. This may be done by varying T and n.

For the proposed device, the achievable density will be roughly n=10
8

-34
cm for clusters smaller than 104 atoms. If the T=4 K, one obtains

r - 120,

which falls well within the liquid regime.

When a single incoming (neutral or charged) particle collides

with the pseudo-wall, part of the collision energy is absorbed, almost

instantaneously, by neighboring particles that make up the wall. The other

important feature is that, since the pseudo-wall is connected to an ion

trap by E & M forces, it can transfer its energy to the environment. When
referring to the above reactions, if just H+ is made into a pseudo-wall,

they become

(H+) + H = H4,  (2a)
2 2 4'

and

{H } + H2 = H+ + H. (2b)

Here, we consider the reaction of H 2 molecules within the cold, high

density environment of [H ) (T<4 K and n=1011cm 3). The importance of

this process is that the collisions are not strictly 2-body, but may be 3-

body (and higher, up to 1014 body for the proposed pseudo-wall). This

results in substantial collisional energy transfer (rather than just

radiative) of the energy of the exothermic reaction to the pseudo-wall (and

ultimately to the environment). The advantage illustrated in this example

is that reaction (la) cannot proceed radiatively, while (2a) can. In this

manner, a finite set of reaction pathways result that may proceed much more

efficiently and at much higher rates (coming from the inclusion of

collisional relaxation mechanisms, and high effective densities).

11



The conditions that specify a pseudo-wall are now defined.

The main constraint is (L<<r), where L is the collisional mean free path

of the cluster ion and a (assume a=l cm) is the physical radius of the

pseudo-wall. If L°=.Ola=10 "2 cm, and the collisional cross-sections (Q)

are at least 1014 cm 2, the pseudo-wall density (n) is obtained from

L°' .001a = 1/(nQ),

16 -3giving a neutral density n=10 cm (the temperature is adjusted to

achieve this density). In contrast, the maximum densities of ions in non-

neutral plasmas are 1011 cm . Under these conditions a single cluster ion

in a pseudo-wall would undergo roughly 106 bimolecular collisions per

second with neutral particles. Constructing such a cylindrically shaped

pseudo-wall of volume (V=30 cm3), would require only about N=nV, or 3 x

1012 cluster ions.

Another way of specifying pseudo-wall conditions is to require that

the collision frequency, f, be greater than the radiative lifetime, t, of

any excited states, ensuring collisional deactivation at some velocity v:

f=nQv > l/t. This criterion is satisfied for neutral densities, n, of
116 -3 -14 2 4 -

101 cm , cross sections, Q, of 10 cm , and velocities of 10 cm s

for radiative lifetimes of 10-6 s and longer (cluster ions have radiative

lifetimes of several milliseconds, for vibrational transitions).

The maximum cooling power required of the pseudo-wall may be

estimated. The most exothermic reaction is the first one in Fig. 3,

requiring 13.6 eV for each H atom. Assuming a nucleation rate of 1012

particles per second (166 nanoamps), this results in 13.6 X 1012 eV
-1
s (or 2 micro-watts) of recombination energy that must be coupled through

the pseudo-wall to the environment. Established resistive cooling
34

techniques will be used, if necessary.

The main reactions which may take place in pseudo-walls are

illustrated in the reaction matrix of Fig. 3. Certain working assumptions

were made in the construction of this matrix:

12



Reactants and Products
- I ++ + + +

e H H H H2I2 H3  H4  H5  H. Ha

H H
*0

"H

U)

H2

0-

H+ 0

0 _- .- .. .. . .. . ... . ....... ..i

0' 0-0

3- 0

H-0-- - -00

. .+ *---

a

H _ _ _

Figure 3. Reaction Matrix Showing Containerless Condensation Routes.
In the first reaction, protons are added to a pseudo-wall
composed of electrons, resulting in the production of cold
hydrogen atoms.

1. All particles (one or both reactants) can be turned into

pseudo-walls; ionic pseudo-walls are currently preferred.

2. Only two-reactant combinations are considered (reactant

plus pseudo-wall).

13



3. No nuclei (other than deuterium) larger than the proton.

4. Minimum dependence on radiative processes (photons are excluded).

5. No anions other than H

6. No obvious fragmentation reactions.

7. No unstable or short-lived particles (for example positronium,

H2, H3 , etc.).

Some reactions in Fig. 3 (with asterisk) could proceed spontaneously

within the same pseudo-wall to grow large cluster ions. Recall that the

cluster ions of sizes H+ and H + are the threshold cluster ion sizes for
+ m a +

ion-molecule (M ) and ion atom (A ) association, respectively. These

have been postulated to exist at sizes around 29 and 2000 respectively.
15

The objective is to select the optimum pathway to these large cluster ions

by connecting reactions and defining pseudo-walls.

Condensation Pathways Using Pseudo-Walls

Fig. 4 illustrates one of the many possible condensation pathways.

One example (out of many) of a "containerless" condensation pathway is

designated by the large arrows in Fig. 4. The proposed experimental

approach is designed to verify the reactions and pathways of this

matrix. The most fundamental reactions are those involving either H
+

or e which react to produce H, H-, or H+ (the production of H2 may also

occur in these cold plasmas but this is assumed minimal). The reactions

indicated by the condensation pathway in Fig. 4 may be written specifically

as

1. (e') + H = H

2. (e + H= H

3. {H ) + H = H2 + e

14



4. (H~ + + H H + (H+) + H = H + + H, and

5. (H+) + H2  H, etc.

The procedure is repeated until a critically sized cluster ion is obtained

such that it will undergo repeated additions of H 2 without fragmentation.

This may be written

H +H H+I
m 2 = 

1M+21

Reactants and Products

H H H H- + H21H + H+ H+ +

o H 0-

V H

H~~ 2 -
is an. inegr Ree.otet.recin

denoted ~ 0 wit4nmbr

H 
15



H+ is referred to as the threshold seed cluster ion size for the m
+

m
process. If this process is repeated enough times another seed critical

cluster ion size will be reached such that the reaction

(H+) + H = (H4 +1 1a a+,

will proceed. Experiments have been proposed that will determine the

cluster ion sizes H and H . A few other possible pathways have beena m
illustrated in Figs. 5 to 7.

Reactants and Products

O -0- -- -- _ _

-o -.-W

H

F u0 5 Re ct o...at i .. ...H-

H +

(Note large arrows.)
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Reactants and Products
_ + -H4.4H

+  4
a H + H IH H2+ H4 H+-  H+ H+ H+ H+35 m a

+ g8 . ' 11:I-O. -*
H + -l0-

*0-
0V H

I ",

H 0-- - - -

H+

2- .,...., .....

+ 0----0-

H3 *0-- -0--------- --- _ _ _

Figure 6. Reaction Matrix with a Potential CC Pathway.
(Note large arrows.)

Destruction of Hydrogen Cluster Ions by Annihilation

This section discusses the various ways hydrogen cluster ions may

be destroyed or removed from the trap due to collisions (resulting in

surface annihilation) with neutral (and nonneutral) antihydrogenic species

(made up of fermions, these represent a main constituent of background

gas).

,,,,,,, ,,,,,,,,,,,,,,,,.,,,,,,,,,, ,,J. ,,,, .,, ',,,,,,17,,tt,,



Reactants and Products ---- W.

+ H- H H + H I H + H+.  H H4.  H+.

C~.iigii fiD~lm i

H ! 111111 fitI

-
-0*

H +I

2

H +

H + if 1111111 I'll -1.111 'l ;

Figure 7. Reaction Matrix with a Potential CC Pathway.
(Note large arrows.)

Considering just the primary event, the only annihilation products to

consider are high-energy pions (Ref s. 1, 2) from the proton-antiproton

annihilation and F rays from electron-positron annihilation. It is assumed

that the coupling of motion between Pions and the molecular (and atomic)

degrees of freedom is small, especially vibration, rotation, and

translation (sources of pion-electron cross sections for electronic

excitation, ionization, should be found). The l/e attenuation coefficient

for y rays is much larqer (L' (l/e) >128 cm, E>0.5 MeV) than the dimensions

of the cluster ions or plasmas and may be neglected.
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There are other ways of destroying cluster ions: recombination,

photodissociation, etc.; these however have been considered elsewhere

(Refs. 9, 35). The reactions to be considered here are

1. H+ + low energy e <= Coulomb Barrier,n

2. Hn + H (orH 2) => H+ (or H 2 )

f annihilation products, and

p+

3. H + P => H + annihilation products, where the bar denotesn .n-

antimatter (note that H+ is negatively charged).
n

Reaction 1 may be neglected for low-energy positrons.

Reaction 2 under the above assumptions will not yield fragments, but

will only reduce the mass of the cluster ion by one unit; it too is

neglected.

Reaction 3 is the most problematic since it leads to the production

of a neutral cluster ion, Hni0 (only slightly less massive). Here, we must

consider the cross section for proton-antiproton annihilation. Considering

destruction by just low energy (thermal T=300 K) antiprotons, an

extrapolation of the data (Ref. 36) from Fig. 8 (upper right) gives a
9 -15 2cross section of 10 barns or 10 cm . The density of protons in a

cluster ion is roughly 1022 cm"3 so that the mean free path of an

antiproton in a cluster ion can be estimated to be

L - 1/(10 -15 x 1022) = 10-7 cm.

This means one need only consider surface annihilation from thermal

antiprotons since the cluster ions will, in general, be much larger than

1 nm. Since the populations and annihilation cross sections for higher
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energies decrease rapidly (with increasing energy), they may be

disregarded.

0The fate of the particle produced by reaction 3, Hnl , is now

considered in the low-temperature, high-magnetic-field environment of the
0cylindrical "Penning" trap. The resulting cold neutral cluster, H n-l, may

be either even or odd, and have different ortho to para (H2) ratio. The

possible categories are summarized:

Case Even Odd Para Ortho

1 x x

2 x x

3 x x

4 x x

In cases 1 and 2, the cluster has a single unpaired electron,

giving it an appreciable magnetic moment (I Bohr magneton). The neutral

cluster would behave like a very large hydrogen atom and hence all the

magnetic schemes developed for H atoms would also apply. Although the

cluster would be confined by a shallow axial barrier (near the ends of the

magnet), it would drift radially until it encountered something. It is

interesting that, if by chance it encountered the pseudo-wall before

reaching the ion trap wall, it should be recaptured by the pseudo-wall.

In cases 3 and 4, the cluster magnetic properties are three

orders of magnitude weaker than in cases 1 and 2, being due only to the

coupling of the nuclear spins (1 nuclear magneton). In case 3, the cluster

is composed mainly of parahydrogen; it is diamagnetic (negative

susceptibility), has only even rotational levels, and is a "low field"

seeker. The magnetic field is essentially constant in the radial direction

so the cluster will tend to be gently expelled axially out of the trap.

Since the trap is essentially solenoidal, there will be no appreciable

radial force. Once more, it may either encounter the pseudo-wall first,

or it may just go out of the trap. If the cluster leaves the trap, it

could conceivably be recaptured following laser photoionization. In case

4, the resulting cluster is mostly Orthohydrogen; it is paramagnetic,
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(positive susceptibility), has only odd rotational levels, and is a "high

field" seeker. This means that that there will be a gentle restoring force

tending to keep the cluster in the high-field region of the trap. If

the initial kinetic energy of the cluster is not greater than this magnetic

barrier, the cluster would orbit about the trap center until it encountered

the pseudo-wall and recondensed, or hit the trap wall.

The destruction of cluster ions by background hydrogenic species has

been found to be something of concern, but does not imply insurmountable

difficulties in the pseudo-wall concept.

Very Cold Hydrogen Cluster Ions

If cluster ions of any size may be trapped, one might well ask:

Under what circumstances is the Larmor radius smaller than the physical

radius of the cluster ion? In this situation the internal motion of the

charge on the cluster ion is coupled to the (now very low frequency)

cyclotron motion. The remaining degrees of freedom are just a slow E x

drift plus axial motion. The whole plasma should be quite dense and

fulfill some of the main requirements of a pseudo-wall.

The radius of a spherical cluster ion is

r ci = [(3 V)/(4 n)) 1/3 = [(3 D a)/(4 n)]1/3

where D is 5 x 10-23 cm3/molecule and a is the number of molecules in the

cluster. The constraint is that r ci be less than the Larmor radius (rL =

(2(amv)/(qB)), or

r L < rci,

where (2x) is the cluster ion size, m is the mass of a hydrogen dimer, v is

the perpendicular component of the cluster ion velocity (includes radial

and azimuthal motion), q is the charge, and B is the magnetic field.
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This leads to the following inequality;

(2anv)/(qB) < 2.3 x 1076 (2a)1/3 (meters).

Putting in values for m, q, and B (8 Tesla), gives

[(3.3 x 10-27)/(2.3 x 10-6 1.6 x 10-1 9 8)] (2a n2 / 3 v) < 1.

Simplification then yields

(2(x) 2 / 3  v < 890 (m/s),

where v is in (m/s). This result (which is increasingly less accurate for

small a), is given in Table 3 below (with a column of temperatures,

assuming a thermal source).

Since the proposed trap will have a liquid helium baffle for cooling,

it should be capable of producing this cold, slowly rotating pseudo-wall

for cluster sizes a<5000 dimers (or cluster sizes, 2(x<l).

TABLE 3. Velocities and Temperatures of Cluster Ions
with rL < rci.

Log(n) (dimers) v (m/s) T (K)

1 192. 34.6

2 41.4 16.0

3 8.92 7.46

4 1.92 3.46

5 0.414 1.61

6 0.0892 0.750

7 0.0192 0.346

8 0.00414 0.160
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EXPERIMENTAL DESIGN

The system described is similar to the one proposed recently by Kluge

et al (Ref. 37). However, since it will contain an annular plasma, it has

many of the design features developed by Wong and Rosenthal (Ref. 38).

A generalized schematic of the system is shown in Fig. 9. Note

that the main components of the vacuum chamber are in an "L" configura-

tion. It is divided (top to bottom) into the diagnostics, ion trap,

6-way cross, and source chain. To the sides of the 6-way cross

are attached the Combo Vac, Cryo Pump (optional), and Star Flange.

Pirani gauge
Dry Vane

Pump

Air N2(TOP)

(optinal)Diagnostics

N2 (main system)

Ion

SIon GaugechaTn)p
SCryopump

(optional)

J I 6-way
Combo Vac Cross

Source Filter Valve Magnet

(Source chain) B

B. bakable

Figure 9. Diagram of the Overall System Layout. The main system
is divided into main sections; the source chain consti-
tutes the entire lower section beneath the 6-way cross.
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Attached to the bottom is a long, narrow, straight section that makes up

the source chain. Note that many of the system components must be bakable

(B) to 700 K. The remaining components are the ion gauge and N2 source.

The system is designed to operate satisfactorily with just these mentioned

components; however, the optional system, using a mechanical/sorption pump

combination is recommended as a later "add on." The addition of the

optional system is recommended and would lengthen the times between

servicing the Combo and Cryo pumps.

Vacuum Chamber Components

The main components of the vacuum chamber are shown in Fig. 10.

~4 (behind)

unused port
(f ront)

~7

Cryopump

u poft (optional)

Figure 10. Schematic of the Main System Components. (See text.)
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There are 16 essential parts. Unless otherwise noted, 304 stainless steel

is to be used for these components, most of which are bakable (excluding

pumps) (see Fig. 9). The parts are discussed separately with regard to

function and size. This information is from known commercial sources; part

numbers were taken from Thermionics Vacuum Products, Hayward, CA; Norcal

is suggested as a competitor.

1. The trap wall section is custom built (Fig. 10). It is bakable

and features a slip joint lower end (item 7) to allow assembly through the

bore of the superconducting magnet (that is, the lower rotatable flange is

removable, split into two halves, so that the trap wall section can pass

through the magnet bore). This feature will allow easy disassembly. The

top flange is a standard rotatable 8 in. conflat.

2. Standard 6-way cross. This component joins the ion trap, combo

vac, star flange, optional cryopump, and source chain. One port is unused

for access (or future addition).

3. Combo-Vac pump. Commercially available, it comes equipped with a

hydrogen diode pump, an 8 in. OD flange, and should be rated at either 750

L/s or 1000 L/s.

3a. 10 in. to 8 in. adaptors will be needed if either the 1000 L/s

Combo pump or Cryo-Torr 10 pumps are used.

3b. Bakeout heaters (4) for the 6-way cross. These include

controllers.

3c. Liquid nitrogen level controller.

4. Cryopump. The optional cryopump may be added to the

available port (suggest CTI Cryo-Torr 10). Space is reserved for this

pump, should better vacuum or more gas load (than expected) result.

5. Star Flange. This is commercially available and may be

custom built. It provides four smaller ports that will be used for liquid
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helium feedthrough (for the liquid helium baffle), controls for the ion

trap, N2 feedthroughs for flooding the system with 1.0 atmospheres of

nitrogen, and control of the quadrupole deflector (item 5). This is a 10

in. conflat to 2 3/4 in. (x4) conflat.

5a. One blank 2 3/4 in. conflat.

5b. Nude ionization gauge for monitoring trap pressure. This should

have Iridium filaments.

5c Flange for mounting the liquid Helium feeds for liquid helium

baffle coolant.

5d. Bakable valve with 2 3/4 in. conflat. Flange with bakable air

valve connects to N2 with safety valve for air vent.

6. Quadrupole lens. This consists of four plates in quadrupolar

arrangement and may be home built. Passing the cluster ion beam through

this lens causes the beam to take on a helical trajectory. This is used

for injecting an annular plasma into the trap.

7. Conflat flange. 10 in. to 4 1/2 in. adaptor.

8. Nipple with 4 1/2 in. conflat.

9. Tunable, Electromagnetic Sector Magnet. This should be custom

built by a vendor (suggest Wang NMR) (see also the section on sector

magnets). The maximum magnetic field is 0.5 T.

10. Nipple with 4 1/2 in. conflat.

11. Air driven, bakable gate valve with 4 1/2 in. conflat.

12. Nipple with 4 1/2 in. conflat.
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13. Tunable Wien filter with electromagnet. This features a yoke for

confinement of its magnetic field and should be custom made (suggest Wang

NMR) (see also the section on Wien filters).

14. 4-Way Cross with 4 1/2 in. conflat flanges.

15. Nude ionization gauge for monitoring source pressure. This

should have Iridium filaments.

16. Hydrogen cluster ion source. An appropriate source that will

work is not commercially available and will have to be developed (see

section on cluster ion sources).

Table 4 lists the specifications and prices for many of the items.

Fig. 11 shows the locations of the slit assemblies for the Wien

filter and the sector magnet. Also given are the specifications for the

magnets and electrodes of the Wien filter. Notice that an empty flange is

attached to the sector magnet; this is reserved for the addition of a

cryopump should the source produce excessive gas load on the pump(s)

attached to the 6-way cross.

Also shown is the bakable gate valve used for isolating the trap

environment from the source for long-term studies of trapped cluster ions

in ultra-high vacuum and the sector magnet.

Ion Trap Specifications

The cylindrical ion trap is a modified version of devices used at

UCLA and at UCSD. It is designed specifically for large mass-to-charge

ratio cluster ions and features a central conducting rod (Fig. 12) that

will be used for the neutralization of space charge in the confinement of

high-density plasmas. The copper conducting rod (0.6 cm diameter) is

supported only at the top, and passes through the end cap grids (end

termination grids are used to provide stability for the annular plasma);
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TABLE 4. Specifications and Costs of Parts.

Item Size/Part Number Unit Price

1 OD 8 in., length 16 in. $ 900

2 OD 8 in. 3150

3 T#COV750, 750 L/s 8300

T#COV1000, 1000 L/s 9500

3a T#1000x800 270

3b T#IH-100 75

3c T#LNC-400 475

4

5 10 in. conflat to four 2 3/4 in.

5a 2 3/4 in. 14

5b T#NG-1001 270

5c Custom

5d T#BVV-152 795

5e T#F275000V 230

6 Custom

7 T#I1000x450 245

8 4 1/2 in. 185

9 Custom

10 4 1/2 in. 185

11 4 1/2 in. (custom) 1400

12 4 1/2 in. 185

13 Custom

14 4 1/2 in. 350

15 T#NG-1001 270

16 Custom

Important note: Due to the the welding and construction techniques used in
Ultra High Vacuum systems, this system should never be subjected to more
than 1 atmosphere of pressure; doing so could cause leaking.
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1 45

/1Sector

Magnet

Gate
EdgesValve

2 3 of E plates Flange for optional
cryopump

Wien
Filter

1. Magnets: Length-2 cm, wldth =4 cm, spaclng=2 cm, B=0.4 T
Electrodes: Length=20 cm, width. 1.2 cm, spaclng=5 cm

2. First entrance silt: 5.5 cm from the Input electrode edge

(1.0mm x 6.0mm)
3 Second entrance slit: 1 cm from Input electrode edge (0.3 cm

x 6.0 cm)
4. Exit slit: I cm from output electrode edge (0.3 cm x 6.0 mm)

S. Sector magnet silts: (1.0mm x 6.0mm)

Figure 11. Schematic Showing a Close View of th Source Chain.
Also given are the dimensions of the Wien filter and
the five slit assemblies.

it is not electrically connected to the end caps. Notice also that the rod

support is hollow so that ions may drift, unencumbered, through the entir.

trap. Surrounding the central conductor (Fig. 13) is the annular plasma,

folloued by the inside wall of the trap which is 4 in. in diameter.

The trap electrodes are composed of polished, gold-plated copper

(oxygen free) (thickness, 0.7 cm) and are electrically insulated yet

thermally connected, via ceramic spacers) to a liquid helium baffle which
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Top

Rod
Support

Central
Rod 00=0.6 cm

Trap 20 cm

Wall

End
cap cM

End cap
grid

Figure 12. Diagram of the Ion Trap Showing the Trap Walls, End Caps,
Grids, and Central Rod.

surrounds it. This was done to eliminate the effects of black-body

radiation on stored cluster ions. There is a 1/2 in. gap (1/2 inch in

radius) between the trap OD and the inside wall of the liquid helium

baffle. The 1/2 in. gap is to prevent heat load on the liquid helium

baffle from external sources. This space can also be used for connectors

to the diagnostics. The region surrounding the baffle can be filled with

porous carbon to improve system pumping of He. The liquid helium baffle is

supported by ceramic spacers to the chamber wall (8 in. OD 304 stainless

steel). The ID (bore) of the superconducting magnet is roughly 9 in.
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Magnet

V L20

cm

Slp joint 0 10 12.5 15 17.5 20 21.25 30
for lower trap
wal flange cm

Figure 13. Diagram of the Entire Trap Section Showing the End and
Side Projections.

(length 20 cm), allowing room for the slip joint assembly of the lower

flange during disassembly of the ion trap wall section. The Supercon-

ducting magnet should be custom built to specifications (suggest Oxford).

The proposed magnet will use Niobium Titanium for generating fields up to

8.5 Tesla, with long-term use at 7.0 Tesla and with a stability of 3 parts

per billion per hour drift. The magnet requires liquid nitrogen and liquid
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helium as cryogens. The liquid nitrogen typically requires refill every 7

days (<200 cc/hr), and the liquid helium every 3-6 months (<15 cc/hr). At

the outermost diameter are the Helmholtz coils, which may be fabricated at

AFAL, and are used to make the magnetic field parallel with the trap axis.

Pumping System

The system pumping requirements were derived through the model shown

in Fig. 14a (Ref. 39). Ps (10-7 Pa) is the assumed pressure at the cluster
ion source, and C1 is the conductance of the source chain. This is

deliberately made very small with the use of small apertures and long

length. Pt is the pressure in the trap (10-9 Pa). C2 is the conductance

of the channel connecting the trap to the source pump; this is made very

large by using a large aperture and short length. P and S are thep p
pressure and pumping speed of the source pump. The derived relation for Sp
is

Sp = [(R Aw + C1P s  - 1 P-t / P t ,

where the wall outgassing rate R w, for baked stainless steel, is 10
-13

24 2W/m , and the inside area Aw of the system is 1.26 X 104 cm
2 . Putting in

the calculated values for C, Ptand Ps, gives Sp = 5340 L/s (note that

this pumping speed is exceeded in the pump specifications). This was done

to ensure that the system will be easily able to achieve and maintain

pressures in the trap below 10-9 Pa. The derived relation for calculating

the pressure in the trap is

Pt = (C2 + Sp)(Rw Aw + CIPs)/[(C1 C2 + S p (C1 + C2 )].

The derivation and details may be found in the Appendix.

Transit Spreading of the Cluster Ion Beam

In transit from the cluster ion source to the ion trap, the

cluster ion beam will undergo a transverse spreading due to space charge
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repulsion (Fig. 14b). The maximum allowable transit time of the cluster ion

beam pulse is

t = 1.52 x 10 [(Rf - Ri)/Ri (l/z) (2a/n)

where the maximum final radius is Rf (aperture of the ion trap), and the

initial beam radius is R. (aperture of the source), the charge per cluster1

is z, 2x is the mass number of the cluster (mass of the cluster per proton

mass), and n is the density of the cluster ions at the source. The con-

stant has units of sec cm 3 /2 so that the answer is in seconds. With this

relation, and knowing the distance to the trap, the mass of the transmitted

ions, and the pressure of the source, one can easily calculate the accelera

acceleration potential (AV') needed for the prescribed transit time. The

derivation and further details are given in the Appendix.

cPp
Pt 2 Sp

(a)

A 1 ,

Z=vt

I I

AV
(b)

Figure 14. Pumping System and Beam Spread Model. (a) Schematic
of the overall system used for the pumping system
calculation; (b) Schematic of the model used in the
beam spread calculation (See Appendix).
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The Wien Filter

The Wien filter is a velocity filter that may use either a fixed or

variable magnetic field (the latter field is preferred as an added degree

of tuning flexibility). A schematic of a fixed field version4 of the Wien
filter is shown in Fig. 15. This figure is mainly to show device

configuration and construction. The dimensions are given in the section

entitled "Vacuum Chamber Components." Note that an iron field yoke is used

to keep the magnetic field well confined so as to not perturb other system

components. Also, not shown, it may be necessary to shield the Wien filter

(and sector magnet) from the superconducting magnet by wrapping it with

several layers of mu metal. Tn the construction of the Wien filter, a

minimum number of feedthroughs and ceramic standoff insulators are used,

Welded
Electrical Wle

Connectors Feedthroughs

t Iron Field

/ -,"Choke

Wekkd(vacuum) 304

stainless steel plate0.625 cm thick Insulated, one feedthrough

for each plate, the second support
need only be an Insulator

sift

Standoff
Insulators

4.5" Conflat

Figure 15. Diagram of the Wien Filter Showing Configuration and
Construction Design.
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since these have much larger outgassing rates than stainless steel (even

when baked). The velocity of the ions transmitted through the filter is

given by

v = 108 Vd/ZB

where Vd is the potential between the electrodes with spacing z, and B is
the magnetic field. The mass resolution of the Wien filter is given by

(Ref. 40)

(A m)/m = (2 z V'w)/ Vd L
2 )

where V' is the potential through which the injected ions have fallen, w is

the width of the slits, and L is the length of the electrodes. A mass

resolution of 0.01 is deemed sufficient.

The Sector Magnet

The electromagnetic sector magnet is a momentum filter which, when

used in combination with the Wien filter, provides an output cluster beam

that is both mass and velocity analyzed. A schematic of the device to be

built is shown in Fig. 16. Shown are the input, output flanges (and the

unused optional flange for the addition of a cryopump), the locations of

the slits (dimensions given in the section entitled "Vacuum Chamber

Components"), and approximate dimensions. The dashed lines show where the

device may be sealed off to exclude unused volume. Again, as with the Wien

filter, the device will likely require shielding with mu metal (Ref. 41,

42). The radius of curvature of ions entering the device is given by

R = (144/Bo) (mE)
1/2

where E is the energy of the entering ions, B is the magnetic field, m is

the ion mass, and P is the charge state (+,-). The resolution40 is given

by

(A m/m) = w/[R [1-cos(a)] + x sin (a)]
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where, w is the slit width, R is the radius of curvature, and x and a are

defined in Fig. 16. Once again, a resolution of 0.01 is considered

adequate.

Radis 4.5 Conflats

port for optional
X( 

cryopunp

4.5 Conflats Sits -

7.5 cm

Figure 16. Diagram of the Sector Magnet Showing Configuration and
Construction Design.

Since the field produced by the superconducting magnet will be quite

strong, a calculation was performed to yield an expression for its

variation with distance on axis (Ref. 42). It is necessary to determine

how far the source chain, and other devices (such as detectors) must be

located to be safe from significant perturbations. The expression for the

axial magnetic field is

B = ((B (a 2 + -L ) /L] { (z + L/2)/((a 2 + (z + L/2)2)1/2

L(z - L/2)/((a
2 + (z +

where B is the field at the center of the magnet, a is the radius of the

magnetic coils, L is the length of the magnet, and z is the axial distance

from the center of the magnet. Plots of B z/B are shown (linear, followed

exponential in B) in Figs. 17 and 18. Notice that for a=20 cm and L=20 cm,
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Figure 17. Linear Plot of Magnetic Field Variation Along the Axis of
the Superconducting Magnet (Normalized to the Central
Field.)
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Figure 18. Log Plot of Magnetic Field Variation Along the Axis of the
Superconducting Magnet (Normalized to the Central Field).
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the axial magnetic field is down by only three orders of magnitude at z=2

meters (still - .08 tesla).

Cluster Ion Detection

The detection system chosen depends upon the experiment. Since the

initial experiments will measure radial density profiles and total charge,

a Faraday cup with charge integrator will be used. The methodology for

these measurements is well established in experiments done with pure

electron plasmas (at UCSD) and with Lithium ion plasma experiments (at

UCLA). The detector will be simply mounted on a standard 4 1/2 in.

conflat flange and bolted to the top of the ion trap (Fig. 19).

to charge Integrator

-Faraday cup
Detecor

____ ____ ____ ____ ____ ___ 8 * Conflat

Flight tube

8 *Conflat

Ion trap

Figure 19. Schematic of the Detection System Intended for Use
in the First Experiments.
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In this case the output of a radially movable Faraday cup is sent to a
charge integrator. Calibration of the detector can be conveniently

achieved by running the entire system in "free pass" mode, while using a

known source flux. Another useful early experiment is to measure the

total stored charge versus time as a function of cluster number. The

Faraday cup will also suffice for these measurements.

Ultimately, wishing to determine the thresholds for the A+ and M
+

growth processes (Refs. 14, 29), one must be able to discriminate the

masses of the cluster ions. The steps of a typical experimental scenario

would be these:

1. Load the trap with a known mass and number of cluster ions;

2. Add a known background density of reactant, H2 with known

temperature for some time t;

3. Analyze the products for total mass, and charge.

A direct approach to detection uses a setup like the one shown in

Fig. 19. At the end of a drift tube is mounted an optional optics stage

(not shown), followed by a sector magnet and channel plate detector. The

product ions, ejected from the trap with well defined energy, are mass

analyzed and detected with a channel plate in combination with a

multichannel analyzer. This will give a signal that measures the relative

numbers of clusters as a function of cluster mass. Hence, one can observe

changes in population of different mass clusters in consecutive single

measurements. The total charge can be determined by running the channel

plate in total charge mode.

Alternatively, a more elegant method of detection (suggested by A. Y.
Wong) uses a narrow band radio frequency source to excite selectively the

cyclotron frequency of the ions, driving them to larger Larmor radii until

they collide with and are collected on the trap inner surface. One simply

attaches a charge integrator to the trap central wall and measures charge

as a function of transmitter frequency.

41



Finally, well known nondestructive detection techniques have been in
use for some time in pure electron plasmas (Ref. 43). In one method, the
total number of charges can be determined by applying a potential to the
end plates. The other method studies ion plasma waves and derives the

plasma density.

The Cluster Ion Source

The importance of the cluster ion source to the success of this
project should be stressed.

As mentioned, it is not clear that a cluster ion source exists that
can fulfill all the requirements. The source should do the following:

1. Provide (a) very large cluster ions, (b) very low cluster
temperature, and (c) very high flux;

2. Not use electron impact for ionization;

3. Not load the system with background gas;

4. Operate well around potentially large, stray magnetic fields.

The reasons behind requirements 1 (a) and (b) have been discussed
previously. The stringency of requirement l(b) can be estimated. The
current, I, needed to fill the trap is given by

I = e J A = e n v A,

where J is the flux, e is the electron charge, n is the density of cluster
ions in the trap, v is the velocity of the injected cluster ion beam, and A
is the cross sectional area of the cluster ion plasma in the trap. For
typical values (in cgs), one obtains

1= 1019 10 108 101 - 10-  amps.
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If the total number of clusters arriving at the trap is only 1/10000 of the

clusters generated by the source chain (recall A m/m = 0.01), then the

instantaneous current needed at the source is 10 amps. Calculations

indicate that the source need only be on for about 10 microseconds so the

minimum estimated total output of the source is roughly 1014 molecules of

hydrogen.

Three concepts have emerged that could provide an adequate

cluster ion source. To our knowledge, none of these sources, as described

using hydrogen, have been reported in the literature. In Fig. 20(a), a

standard pulsed gas valve is used to generate cluster ions that are

simultaneously ionized by a suitable laser pulse. The only thing new here

is the use of a laser to ionize the clusters. Since pulsed gas valves

cannot be used at temperatures below which viton O-rings become brittle,

high pressures of hydrogen gas must be used to achieve adequate cooling of

the expanding gas for large cluster production. This necessitates

differential pumping and skimming. The retardation grids are added to

modify the residence time of the cluster ions. In Fig. 20(b), a solid

surface of hydrogen is laser evaporated and laser ionized to produce an

intense burst of clusters and ions. This method has been reported to

generate cluster ions of carbon, and it has the advantages of low gas load

and simplicity. In Fig. 20(c) a refrigerator is used to maintain a bath of

liquid hydrogen. A pulse of hydrogen is introduced directly into the

liquid from a pulsed valve that is thermally insulated from the cold bath.

Finally, the expansion is ionized by a laser pulse. This source should

produce high fluxes of very large cluster ions. The use of an inadequate

cluster ion source will not prevent the experimental apparatus from

working, but can limit its usefulness in studying CC and thus deserves

careful attention.

System Performance

This section presents the results of calculations of maximum expected

system performance (and plasma parameters) as a function of the cluster

number (number of protons in the cluster ion) for the trap. The results

presented here are intended to help clarify system capabilities in terms of
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scalability to large sizes. The trap parameters used here are nearly the

same as those of the proposed device, with the exception of length (the

proposed device is 20 cm long). The parameters used in these calculations

are

B: The magnetic field (10 T).

4: The potential applied to the central conductor (1000 Kvolts).

a: The radius of the central conductor (0.3 cm).

d: The radius of the trap wall (5 cm).

r: The radius of the plasma (2.5 cm).

A: The thickness of the (annular) plasma (0.2 cm).

L: The length of the magnet (100 cm).

Fig. 21 shows the variation of the cyclotron frequency with cluster

number. The cyclotron frequency is given by

B, IOOkG. Phi - 1000k-volts, a ,0.3cm, d- 5cm, r-2.Scm. del 0.2cm, L- 100cm

E+15
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E+6

E+5
E+4
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Figure 21. Cyclotron Frequency Versus Cluster Number.

45

Ell +ll I9llllll l Nnl m l



W = eB/mc,

where e is the charge, B is the magnetic field, m is the cluster mass, and

c is the speed of light. Notice that it is linear and is only about 100 Hz
7

for clusters of size number 10

Fig. 22 is obtained from the density limit relation (Ref. 44),

W 2 _ (4 e D), (m 2 n(d/r)) = W2 ( ((8 R A)/ 2  .
c p

{(4 R A - 2 F2 ln(R+/r) + 2 R2 ln(R/r)}/(R2 ln(d/r)l.

In Fig. 22 the quantity

Phi =

M R+ 2 ln (d/r)

8-1OOkG, Phi- 100k-volts, o- 0.3cm, d 5cm, r-2.5cm, del 0.2cm, L 100cm
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Figure 22. Central Rod Potential Versus Cluster Number at Constant
Total Mass.
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is plotted versus cluster number. This quantity is indicative of

confinement potential of the bias (1000 KV) on the central conduction and
-2

has units of sec. .

Definitions of the variables are the following: Wc is the cyclotron

frequency, e is the charge, 4) is the potential on the central rod, m is the

mass, R+ is the outside radius of the plasma, d is the radius of the trap,

r is the radius of the plasma (to its center), twice A is the width of the

plasma, and R is the inside radius of the plasma. The linear decrease is

just the result of less space charge repulsion per mass as the size of the

clusters increases.

Fig. 23 shows the variation in the characteristic plasma frequency

with increasing cluster number (at constant trapped mass). The plasma

8- 1OOkG, Phi - 10Ok-volts, a0.3cm, d 5cm, r-2.Scm, del 0.2cm, L- 100cm

E+II

NE E+IO

Zz
w E +9
0
W

- E+8
4

CL-J E+7

E +6
E+I E+2 E+3 E+4 E+5 E+6 E+7

CLUSTER NUMBER

Figure 23. Plasma Frequency Versus Cluster Number.
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frequency is given by

W p2  - (4 n n /%M),

where, n is 3.14, n is the plasma density, e is the cluster charge, e is
0

the permittivity of free space, and m is the cluster mass. Notice that at

a cluster size near 106 the plasma frequency reaches a minimum plateau.

The plateau indicates the increasing dominance of electrostatic confinement

for high cluster number. It also indicates a balance between the number of

charges on the central conductor and the number of charges in the plasma.

Fig. 24 is a plot of the confinable number density that may be

contained in the trap for the given magnetic field and central conductor

bias. Note that the density needed begins to remain constant at about 106
-37

cm for mass numbers above 10 . Fig. 25 is the same as 24, except given

in terms of mass per volume.

Fig. 26 is a plot of the total confinable mass in the trap as a

function of the cluster number. Notice that, with large cluster sizes (of

around 10 6), the total stored mass increases sharply.

Fig. 27 is the same as 26 except with a much larger trap. The trap

parameters in this case are

B: The magnetic field (100 T).

0: The potential applied to the central conductor (1000 Kvolts).

a: The radius of the central conductor (50.0 cm).

d: The radius of the trap wall (100 cm).

r: The radius of the plasma (80.0 cm).

A: The thickness of the (annular) plasma (6.0 cm).

L: The length of the magnet (200.0 cm).

Notice that with this (only somewhat futuristic) trap, the storage of

greater than 0.3 mg of cluster ions is possible in a device only two meters
6 3

long. This corresponds to an energy density of 5 x 10 J/m
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Figure 24. Plasma Number Density Versus Cluster Number.
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Figure 25. Mass Density Versus Cluster Number.
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Figure 26. Total Mass Confined by the Trap Versus Cluster Number
for a 100-cm Trap. 7 (Note the dramatic increase beyond
cluster numbers of 10 .) This trap is 5 times longer
than the one proposed; the remaining parameters are
similar.
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Figure 27. Total Mass Confined by the Trap Versus Cluster Number
for a 300-cm "Next-Generation" Trap. 7 (Note the dramatic
increase beyond cluster numbers of 10 .) This trap is 10
times longer and the field is higher than the one pro-
posed; the remaining parameters are similar.
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CONCLUSIONS AND RECOMMENDATIONS

In conclusion, the research effort for the past two years has

resulted in the development of the CI approach to CC (Containerless

Condensation). The general strategy in the years ahead is to develop CC

techniques, more specifically, to build the first pseudo-wall designed for

long-term studies of very large hydrogen cluster ions. If successful, this

will fulfill the near-term goal of this project: Implementation of the

experimental investigation and understanding the formation of hydrogen

cluster ions from the viewpoint of "containerless" condensation.

Recommendations pertaining to the construction and operation

of the cluster ion trap have been made in the previous section. It is

anticipated that the program will require one year to construct and test

the basic apparatus. The first experiments (previously stated) should

start the second year. The remainder of this section gives an approximate

timetable covering the next three years.

The effort for the first year will involve the purchase,

installation, and checkout of the UHV system. This should include all of

the components given in Fig. 10. The Wien filter and sector magnet should

also be built by the appropriate subcontractors. One of the two optional

cryopumps could be purchased and attached either at the 6-way cross or the

sector magnet.

Professor A. Y. Wong and Dr. G. Rosenthal should be consulted on

matters concerning system construction. Professor Wong and Dr. Rosenthal

have agreed to set aside part of their time this year for this purpose.

Also, during the first year, needed experimentation on the cluster

ion source should be carried out. Low background flux, pulsed sources

should be employed exclusively. Initially, a -ommercial source

manufactured by Coultron was under consideration, but this was abandoned

because of the need for too many modifications and limited mass/charge

handling capability.

Some construction on the ion trap should also begin the first year.
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The cryopump is the final stage of pumping, used for obtaining

very high vacuum at high pumping speed.

The second year should involve the construction and implementation of

the cluster ion source and ion trap. The source and most of its components

should be constructed and tested on site. The ion trap should be

constructed by an appropriate vendor (suggest UCLA machine shop) under the

care and supervision of persons with first-hand experience. The surfaces

will be machined to high tolerence from a single supply of oxygen-free

copper. Special care is required in the mounting and assembly to avoid

field inhomogeneities, junction potentials, and stray capacitances.

The trap inner sections could also be electroformed. This is more

expensive, but yields a better surface.

The superconducting magnet (8.5 Tesla) should be custom made

by an experienced commercial vendor (recommend Oxford). They can also

provide the liquid helium baffle and all of the supporting equipment for

the magnet.

The detection hardware should be purchased and assembled on site

during the second year. If all goes well, the system should be ready for

checkout near the end of the second year.

With the system near completion, the third year will involve

performing the first experiments. As mentioned previously, these will

measure the plasma radial density profiles, the total charge in the trap,

and the confinement times as a function of cluster size.

In later experiments, the ion trap will be filled with cluster

ions of known size and temperature. Reactant (cold H2 or H) will be added

to the cooled cluster ion pseudo-wall. Cooling cycles may be needed during

the addition of the reactants. After some time, the ion cloud composition

will be analyzed by releasing the trap contents for mass and energy

analysis. The cycle is then repeated. Cluster ion growth rates and

critical information are then determined from the data.
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In the fragmentation experiments, the scenario is similar. The

ion trap is again loaded with cluster ions of known composition and

temperature. They are then exposed to an appropriate collider (protons,

antiprotons, positrons, photons, etc.) of well defined energy. The

composition that remains in the trap is then mass and energy analyzed. The

results of the fragmentation studies will decide if large cluster ions can

be conveniently fragmented into just a few large charged pieces (with

minimum H or H2 loss).

A series of experiments should be done that involve the

multiplication of seed crystals by fragmentation. The general

fragmentation reaction using protons is

(H+) + K [H+H = (K [H + D.
p p+l/k

The general fragmentation reaction for photons is

{H+) + K [hv] = (K [Hp+ ]) + k e-,
p p+l/k

where k and n are integers. Note that the resultant fragments must remain

captured and cooled. The first fragmentation reaction has the highest

priority.
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APPENDIX A

Radial Confinement and the Classical Brillouin Limit

The presented derivation may be found in R. C. Davidson's book

(Ref. 45).

For the confinement, a charged particle undergoing uniform circular

motion in a stable orbit that lies in a region within electric and magnetic

fields, the centrifugal force must balance the Lorentz force (see Fig.

A-i),

2
m v + e E° + v0 B =0 (A.1)

r rewhere E r and vo are the radial electric field and azimuthal velocity at

equilibrium, m is the mass, r is the orbit radius, and B is the magnetic

field.

Since the radial electric field is self-generated by the plasma, it

must be determined self-consistently using Poisson's equation,

1__ r E = -4 x e n (r) (A.2)
r r r

The simplest solution is to take n (r) to be constant; then the electric

field may be obtained through direct integration giving

E = -r 4 e , (A.3)

for O<r<R . This may be expressed in terms of the plasma frequency

-24 it n e (A.4)
p m

A-i
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Plasma and the Location of the Brillouin Limit.
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as

r 2 e (A.5)

for O<r<R . Introducing the angular frequency
p

0
=% , (A.6)

eB

m c_ 0 (A.7)

into equation (A.1 , it may be expressed as

+00+4 = 0. (A.8)

The solutions to this quadratic are

1

20 = 01(A.9)

The two rotational frequencies + and ( are plotted in the figure as a

2o)d
function of -2

In the low density limit the fast rotation, Co , corresponds to all

the particles rotating about the axis of symmetry at the cyclotron

frequency. The low frequency, o , corresponds to the trochoidal orbits
which give rise to a slow E0 X B0 ez rotation of the plasma.

The high density limit is known as the Brillouin limit. It can be

seen from Equation (A.9) that when - = 1, then2

+ 2 (A.10)
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Furthermore, for the solutions to Equation (A.9) to be real, we must have,

j e a 2(A. 11)p 2

This equation states that the electrostatic repulsive forces, measured by

must bL overcome by the magnetic restoring force, measured by Q
p 2 2Inserting the definitions for w and Q into Equation (A.11) yields theP
relation

2 B2

n m c < B (A.12)

where n is the density, m is the mass of the cluster ion, and B is the

magnetic field. This equation gives the limit to the mass density (nm)

that can be achieved under the assumption of a solid cylindrical cylinder

with constant radial density. This limit may be exceeded in two ways:

1. By operating in the low density (n), high mass (m) regime (see

plots in the section entitled "System Performance").

2. By using an annular plasma, neutralized by a central conducting

rod.
37,43

System Pumping

As discussed in the section of the report entitled "The Pumping

System" (see Fig. 14a) the pressure in the trap is given by

P
Pt =  c2  (A.13)

c I  S p + c 2

where P is the pressure in the source or trap (Pa or Torr), C's are the

conductances (Ls), and S the speed of the pump (L/s). We want to include

the outgassing rate of the baked stainless steel (10-13 W/m 2) in the

derived expression for the pumping speed.

Define
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, Sp c2
S a 2(A.14)p p + c 2

then

P
Pt , (A.15)

5

1 + c 1

or

Pt ' (A.16)
c 1+ Sp

Now, P=Q/C, and applying this to the source and trap gives

Q1+ Qw
Ps - Pt 1 + , (A.17)

rearranging gives,

CI Ps = C 1 pt + Q1 + Q ; (A.18)

inserting this into equation (A.16) gives

P C 1 P t + Q 1 + Qw

t I , I; (A.19)
1I + Sp

solving this expression for Pt gives

Q1 +Qw

Pt =  + Q(A.20)
s

p

c1 Ps- Pt) + a Aw
, (A.21)

8
p

wX A~ + ls, w(A.22)

5p + c1
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a A + CPs
w w + s (A.23)

1l + c2 + Sp

(c 2 + s ) (a k + C1  ) (2 P w s(A.24)
c 1 (c2 + s p) + sp c2

(c 2 +s ) (a A + CP P(2

c1 c2 + sp (c 1 + c2 )

Now, solving this expression for s gives

(c + s ) (az A +-C2 + (w A + -Ps) Sp w, % % Pt (.6
P = Pt (C1 + c 2 )

The strategy in the system design is to make the conductance of the source

chain (cI) very small relative to c2 (which is made very big), and this can

be achieved to a good approximation in the design presented. Thus, taking

the appropriate limit gives

a A +p
Sw w PS- Pt(A.27)p Lim Pt

Specifying the parameters on the right side as

7 1 0 -3 W_ (A.28)
M

A = 1.26 M2  (A.29)V

P5  = 10- 9 Torr (A.30)

Pt = 10- 11 Torr (A.31)

d3  M3

c = 121 - = .054 - 'A.32)1 L s

This finally qives the pumping speed as
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S 1.26 x 10"10 + 7.18 x 10 - L (A.33)
SP ~1.33 x 10- 4 s(.3

Sp 5344 .L (A.34)
ps

Transit Spreading of the Beam

This "worst case scenario" calculation assumes that a cluster ion

plasma of density no, mass m, charge q is formed instantaneously and then

expands in the x direction under the influence of the self electric field,

E. The equation of motion is

m x =q E (A.35)

m

Inserting the electric field, E = (mR/2q) Wp2 , gives

q mRa4 q2 no 2 q no R

a=x m2q (A.36)

a 2_

where the plasma frequency is given by

2 n
p m(A.37)

mR

The Newtonian equations of motion are

v=v0 +at0 t2
v= x + vot + a (A.38)

The initial conditions are

vO = 0 and xo = Ri . (A.39)

Where Ri and Rf are the radii of the source and the ion trap respectively,
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1 t2
Rf Ri + a (A.40)

(Rf - Ri) 2 = P (A.41)
2 .41

solving for t gives

2 4 (Rf - Ri). -? (A.42)

i p

1
t = 2 fR i 1 q mno (.3

This equation gives the maximum allowable transit time for the beam of

cluster ions. It may be recast into a more convenient form, by defining 2a

as the mass of a cluster divided by the mass of a proton, z as number of

proton charges per cluster, and n. as the number density of cluster ions

(cm
-  .

1

1.52 x 10- 3 R R 1 2a (A.44)

1 1

The constant in front has the dimensions (s cm 3/2). Typical values

for Ri and Rf, the cluster sizes, and densities give times in the
milliseconds. The length the cluster ions will travel is roughly 2 meters,

implying a cluster ion injection velocity of 2 x 105 cm s-I  This is

easily achieved.
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Introduction

The enclosed bibliography includes the edited results of September 1987
Chemical Abstracts On-Line Searches, plus selected additional references, for
the period 1966-1987 for the species H2 (and H), H+ (and H), and and
(HN, N>4), in Sections I, II, and III, respectively. References are roughly in
reverse chronological order. Note that H2 is not a stable species and the
evidence suggests H3 is also unstable. All references have been copied or
requested through interlibrary loan. The assistance of Todd Colin and Tom
Yang in these searches and partial support from the Rand Corporation are

gratefully acknowledged.

B-2



Section I: H (and H)

1. Sen, Amarjit; McGowan, J. W.; Mitchell, J. B. A., "Production of Low-
Vibrational-State Hydrogen Ions (H) for Collision Studies", J. Phys. B:

At. Mol. Phys. 20(7), 1509-15 (1987).

2. Wolniewicz, L.; Poll, J. D., "On the Higher Vibration-Rotational Levels
of Hydrogen Deuteride Ion (HD+ ) and Hydrogen Molecular Ion (H2), Mol.
Phys. 59(5), 953-64 (1986).

3. Stine, J. R.; Muckerman, J. T., "Critical Evaluation of Classical Tra-
jectory Surface-Hopping Methods as Applied to the Hydrogen Molecular Ion
(H) + Hydrogen Molecule (H2) System", J. Phys. Chem. 91(2), 459-66

(1987).

4. Helm, H; Cosby, P. C.; "Photodissociation Measurement of Rovibrational
Energies and Populations of Molecules in Fast Beams", J. Chem. Phys.

86(12), 6813-22 (1987).

5. Xu, E. Y.; Helm, H.; Kachru, R., "Field Ionization of High-Lying States
of H 2 ", Phys. Rev. Lett. 59(10), 1096-99 (1987).

6. Niedner, G.; Noll, M.; Toennies, J. P.; Schlier, Ch., "Observation of Vi-
brationally Resolved Charge Transfer in H+ + H2 at ECM - 20 eV", J. Chem.
Phys. 87(5), 2685-2694 (1987).

7. Schlier, Christoph G.; Vix, Ulrike, "Complex Formation in Proton-Hydrogen
Collisions. II. Isotope Effects", Chem. Phys. 113, 211-221 (1987).

8. Weiner, J., "Associative Two-Body Condensation in Laser-Cooled Sodium and
Hydrogen", Proc. Cooling, Condensation, and Storage of Hydrogen Cluster
Ions Workshop, 1/8-9/87, 47-59. Edited by John T. Bahns. University of
Dayton Research Institute (1987).

9. Helm, H., "Photon-Assisted Formation and Cooling of Molecular Hydrogen",
Proc. Cooling, Condensation, and Storage of Hydrogen Cluster Ions Work-
shop, 1/8-9/87, 95-108. Edited by John T. Bahns. University of Dayton

Research Institute (1987).

10. Mitchell, J. B. A., "The Role of Electron-Ion Recombination in Bulk Anti-
matter Production", Proc. Cooling, Condensation, and Storage of Hydrogen

Cluster Ions Workshop, 1/8-9/87, 143-156. Edited by John T. Bahns. Uni-
versity of Dayton Research Institute (1987).

11. Bahns, J. T., "Key Problems and Hydrogen Atom Formation", Proc. Cooling,
Condensation, and Storage of Hydrogen Cluster Ions Workshop, 1/8-9/87,
219-230. Edited by John T. Bahns. University of Dayton Research Insti-

tute (1987).

B-3



12. Bahns, J. T.; Sando, K. M.; Tardy, D. C.; Stwalley, W. C., "Proceedings
of the Hydrogen Cluster Ion Study Group", Proc. Cooling, Condensation,
and Storage of Hydrogen Cluster Ions Workshop, 1/8-9/87, Al-64. Edited
by John T. Bahns. University of Dayton Research Institute (1987).

13. De Bruijn, D. P.; Neuteboom, J.; Govers, T. R.; Los, J., "Dissociative
Decay of N - 3 Levels in H3. I. Populated in Charge Exchange of Hydro-
gen Ion (H+) with Cesium", Phys. Rev. A: Gen. Phys. 34(5), 3847-54
(1986).

14. Richards, J. A.; Larkins, F. P., "Photoionization Cross Section Calcula-
tions of Molecular Hydrogen and Hydrogen Ion (H+) Using Numerical Contin-
uum Wavefunctions", J. Phys. B: At. Mol. Phys. 19(13), 1945-57 (1986).

15. Chandra, N., "Ab Initio Multichannel Photoionization of Molecular Hydro-
gen: Photoelectron Angular Distribution for Rotationally Resolved States
of Hydrogen Ion (H)", J. Phys. B: At. Mol. Phys. 19(13), 1959-88
(1986).

16. Blaise, Paul; Henri-Rousseau, Olivier, "On the Quantum Correlation Be-
tween the Kinetic and Potential Energies in the Hydrogen Molecular Ion
(H)", C. R. Acad. Sci. Ser. 2, 302(6), 297-302 (1986).

17. Stehle, C.; Feautrier, N., "Absorption or Emission During a Collision: A
Test Case Hydrogen Molecular Ion (H)", . Phys. (Les Ulis, Fr.), 47(6),
1015-20 (1986).

18. Miao, Jingwei; Yang Beifang; Hao, Shizuho; Jiang, Zengxue; Shi, Miangong;
Cue, N., "Internuclear Separations From Foil Breakup of Fast H , H3 , D2
and D3 Molecules", Nucl. Instrum. Methods Phys. Res. Sect. B, B13(1-3),
181-3 (1986).

19. Blaise, Paul; Henri-Rousseau, Olivier, "Accuracy of Approximate Wave
Functions for the Molecular Hydrogen Ion (H+): Calculation of Standard
Deviations for the Hamiltonian in the 2E- + State", C. R. Acad. Sci. Ser.
2, 301(13), 907-10 (1985).

20. Cizek, Jiri; Damburg, R.; Graffi, Sandro; Grecchi, Vincenzo; Harrell,
Evans M., II; Harris, Jonathan G.; Nakai, Sachiko; Paldus, Josef; Propin,
R.; Silverstone, Harris J., "I/R Expansion for Molecular Hydrogen Ion
(H): Calculation of Exponentially Small Terms and Asymptotics", Phys.
Rev. A: Gen. Phys. 33(1), 12-54 (1986).

21. Liao, C. L.; Ng, C. Y., "Vibrational State Distributions of H+ (v") Re-
sulting From the Hydrogen Ion-Molecule Electron Transfer Reactions H2 (v
- 0, 1) + H2 (v5 - 0) - H2 (v') + H+ (v") in the Collisional Energy Range
of 2-16 eV", J. Chem. Phys. 84(1), 197-200 (1986).

22. Sen, A.; Mitchell, J. B. A., "Production of Vibrationally Cold Ions Using

B-4



a Radio-Frequency Storage Ion", Rev. Sci. Instrum. 57(5), 754-756 (1986).

23. Bonnie, J. H. M.; Eenshyistra, P. J.; Los, J; Hopman, H. J., "Influence
of the Vibrational Quantum Number of the Resonant State in Resonant Mul-
tiphoton Ionization/Dissociation of Hydrogen Molecules", Chem. Phys.

Lett. 125(l), 27-32 (1986).

24. Graffi, S.; Grecchi, V.; Harrell, E. M., II; Silverstone, H. J., "The 1/R

Expansion for H: Analyticity, Suimmability, and Asymptotics", Ann. Phys.
(N. Y.), 165(2), 441-83 (1985).

25. Eaker, Charles W.; Muzyka, Jennifer L., "A Quasiclassical Trajectory
Study of the Hydrogen-Deuterium ((H2 + D2 )

+ ) System", Chem. Phys. Lett.
119(2-3), 169-72 (1985).

26. Primorac, M.; Kovacevic, K., "An Application to Molecular Hydrogen Ion
(H) of Laplace Type Integral Transform and Its Inverse", Z. Naturforsch.

A: Phys. Phys. Chem., Kosmophys. 40A(3), 246-50 (1985).

27. Mohlmann, G. R., "Stimulated Raman Scattering from H2 Ions", Chem.
+ Ios", hem.Phys.

Lett. 115(2), 226-229 (1985).

28. Brenton, A. G.; Fournier, P. G.; Covers, B. L.; Richard, E. G.; Beynon,
J. H., "The Vibrational Population Distribution of H Formed From a Ser-
ies of Different Precursor Molecules", Proc. R. Soc. London, A,

395(1808), 111-25 (1984).

29. Nicolaides, C. A.; Petsalakis, I. D.; Theodorakopoulos, G., "Theo7 of

Chemical Reactions of Vibronically Excited Molecular Hydrogen (B Zi).
III. Formation of Bound Excited States of the Hydrogen (H2 )2 , (H2 )3 , and
(H2 )5 Clusters", J. Chem. Phys. 81(2), 748-53 (1984).

30. Bae, Y. K.; Coggiola, M. J.; Peterson, J. R., "Search for H2, H3, and

Other Metastable Negative Ions", Phys. Rev. A, 29(5), 2888-90 (1984).

31. Damburgs, R.; Propin, R. Kh.; Graffi, Sandro; Grecchi, Vincenzo; Harrell,
Evans M., II; Cizek, Jiri; Paldus, Josef; Silverstone, Harris J., "/R
Expansion for Hydrogen Molecular Ion (H): Analyticity, Summability,
Asymptotics, and Calculation of Exponentially Small Terms", Phys. Rev.
Lett. 52(13), 1112-15 (1984).

32. Lee, Chyuan Yih; DePristo, Andrew E., "Semiclassical Investigation of Vi-
brational State and Molecular Orientation Effects in Electron Transfer
Reactions for the Hydrogen (H/H2) Collision", . Chem.P2/H2 Colisin",J. Cem.Phys. 80(3),

1116-26 (1984).

33. Kutina, R. E.; Edwards, A. K.; Pandolf, R. S.; Berkowitz, J., "UV Laser
Photodissociation of Molecular Ions", J. Chem. Phys. 80(9), 4112-9

(1984).

B-5



34. Lee, Chyuan Yih; DePristo, Andrew E., "A Simple Model for the Interaction
Potentials in Electron-Transfer Reactions: Application to the Molecular
Hydrogen Ion/Molecular Molecular (4/H 2 ) System", J. Am. Chem. Soc.

105(23), 6775-81 (1983).

35. Semenova, N. V., "Quasiclassical Calculation of Low-Lying Terms of Hydro-
gen (H) Ion", Vestn. Leningr. Univ., Fiz., Khim. 3, 72-6 (1983).

36. Samsonov, .. F., "Calculation of Diatomic Molecules by the MO LCAO
Method. Excited States of Hydrogen Ion (H)", Izv. Vyssh. Uchebn.
Zaved., Fiz. 26(8), 115-17 (1983).

37. Chu, Shih I; Laughlin, Cecil; Datta, Krishna K., "Two-Photon Dissociation
of Vibrationally Excited Molecular Hydrogen Ion (H). Complex Quasi-
Vibrational Energy and Inhomogeneous Differential Equation Approaches",
Chem. Phys. Lett. 98(5), 476-81 (1983).

38. Brenton, A. G.; Beynon, J. H.; Richard, E. G.; Fournier, P. G., "Rota-
tional Predissociation of H+ Ions of Different Precursor Origins", J.
Chem. Phys. 79(4), 1834-45 (1983).

39. Ozaki, Jiro; Tomishin,, Yasuo, "Monte Carlo Solutions of Schroedinger's
Equation for Molecular Hydrogen (H) Ion in Strong Magnetic Fields. II",
J. Phys. Soc. Jpn. 52(4), 1142-7 (1983).

40. Khersonskii, V. K., "Frequencies and Probabilities of the Vibrational
Transitions of Molecular Hydrogen Ion (H) in the Magnetic Field of
Neutron Star", Astron. Zh. 60(1), 105-9 (1983).

41. Samsonov, B. F., "Calculation of Diatomic Molecules by the MO LCAO
Method. lsa and 2pau States of H and lsa State of HeH+", Izv. Vyssh.
Uchebn. Zaveg., Fiz. 25(10), 117-19 (1982).

42. Sataka, Masao; Shirai, Toshizo; Kikuchi, Akira; Nakai, Yohta, "Ionization
Cross Sections for Ion-Atom and Ion-Molecule Collisions. I. Ionization

Cross Sections for Hydrogen and Helium Ions H+ , H2, H+, He+ and He++  In-
cident on H, H2 , and He", Nippon Genshiryoku Kenkyusho, (Rep.] JAERI-M,
JAERI-M-9310, 65 Pp. (1981).

43. Cue, N.; Edwards, A. K.; Cemmell, D. S.; Kanter, E. P.; Kutina, R., "UV-
Laser Photofragmentation of a 2-MeV Molecular Hydrogen Ion (H) Beam",

Ann. Isr. Phys. Soc., 4 (Mol. Ions, Mol. Struct. Interact. Matter), 194-7
(1981).

44. Sonnleitner, Stephanie A.; Beckel, Charles L.; Colucci, Anthony J.;
Scaggs, E. Rodney, "Rational Fraction Representation of Diatomic Vibra-
tional Potentials. V. The 3dg State of H+", J. Chem. Phys. 75(4),
2018-20 (1981). g

B-6



45. Anderson, S. L.; Hirooka, T.; Tiedemann, P. W.; Mahan, B. H.; Lee, Y. T.,
"Photoionization of Hydrogen [(H2)2 ] and Clusters of Oxygen Molecules",

J. Chem. Phys. 73(10), 4779-83 (1980).

46. Huber, B. A.; Schulz, U.; Wiesemann, K., "Cross Sections for Slow Ion
Production and Charge Transfer in H+(D+)-H 2 (D2) Collisions", Phys. Lett.

A, 79A(l), 58-60 (1980).

47. Hirooka, Tomohiko; Anderson, 3cott L.; Tiedemann, Peter .; Mahan, Bruce
H.; Lee, Yuan T., "Photoionization of Molecular Hydrogen Dimer (H2)2",
Koen Yoshishu - Bunshi Kozo Sogo Toronkai, 64-5. Chem. Soc. Japan:
Tokyo, Japan. (1979).

48 Kaschiev, M. S.; Vinitskii, S. I.; Vukajlovic, F. R., "Hydrogen Atom H
and Hydrogen (H ) Molecule in Strong Magnetic Fields", Phys. Rev. A,
22(2), 557-9 (1980).

49. Nir, D.; Navon, E.; Mann, A.; Rosner, B., "Relations Between the Dissoci-

ation Cross Section of H+ Ions and the Charge Exchange Cross Sections of

Their Fragments", Phys. Lett. A, 77A(2-3), 150-2 (1980).

50. Koyano, Inosuke; Tanaka, Kenichiro, "State-Selected Ion-Molecule Reac-

tions by a Threshold Electron-Secondary Ion Coincidence (TESICO) Tech-
nique. I. Apparatus and the Reaction H+ + H2 - H + H", J. Chem. Phys.
72(9), 4858-68 (1980).

51. Semenov, V. E.,-"Calculation of the Cross Section for Photoionization of

a Molecular Hydrogen Ion H+ Based on Gaussian Functions", Opt. Spektrosk.
48(4), 723-7 (1980).

52. Oda, Nobuo; Urakawa, Junji; Tokoro, Nobuhiro; Nojiri, Hiroshi, "Ionizing
Collisions of Hydrogen Cluster Ions (H+ , H+, H+) of Intermediate Energies
with Gases", Iongen to Sono Oyo, Shinpojumu, 4th, 205-8. Ion Kogaku
Kondankai: Kyoto, Japan. (1980).

53. Dastidar, K. Rai; Bose, K.; Dastidar, T. K. Rai, "Electron Cooling
Through Resonant Collisions with Hydrogen (H+) Molecular Ion", J. Phys.

Soc. Jpn. 47(6), 1955-8 (1979).

54. Boikova, R. F., "Ion-Ion Recombination of Molecular Hydrogen Ion (Hi) and
Hydrogen Ion (H)", Vestn. Leningr. Univ., Fiz., Khim. 2, 103-5 (1979).

55. Moiseyev, Nimrod; Corcoran, Chris, "Autoionizing States of Diatomic Hy-

drogen and Hydrogen Ion (H2) Using The Complex-Scaling Method", Phys.

Rev. A, 20(3), 814-17 (1979).

56. Propin, R. Kh., "Exponentially Small Part of the Molecular Hydrogen (H )

Ion Wave Function", Latv. PSR Zinat. Akad. Vestis, Fiz. Teh. Zinat. Ser.

3, 7-12 (1979).

B-7



57. Hashemi-Attar, Ali-Reza; Beckel, Charles L.; Keepin, William N.; Sonn-
leitner, Stephanie A. , "A New Functional Form for Representing Vibra-
tional Eigenenergies of Diatomic Molecules. Application to Hydrogen Mol-

ecular Ion (H+) Ground State", J. Chem. Phys. 70(8), 3881-3 (1979).

58. Strand, Michael P.; Reinhardt, William P., "Semiclassical Quantization of
the Low-Lying Electronic States of Hydrogen Molecular Ion (H+)", J. Chem.

Phys. 70(8), 3812-27 (1979).

59. Bishop, David M.; Cheung, Lap M., "Natural Orbital Aualysis of Nonadia-
batic H+ Wave Functions", Int. J. Quantum Chem. 15(5), 517-32 (1979).

60. Dastidar, K. Rai; Dastidar, T. K. Rai, "Dissociative Recombination of H2,
HD+ , and D+ Molecular Ions", J. Phys. Soc. Jpn. 46(4), 1288-94 (1979).

61. Van de,: Hart, Johanna A.; Mulder, J. J. C., "Ab Initio CI LCAO Calcula-
tions of the Lowest Core-Excited Z Resonant States of H2", Chem. Phys.
Lett. 61(1), 111-14 (1979).

62. Beck, D. R.; Nicolaides, C. A., "How Many Bound States do Hydrides H" and
H2 Have?", Chem. Phys. Lett. 59(3), 525-8 (1978).

63. Teloy, E., "Proton-Hydrogen (H2, D2 ) Differential Inelastic and Reactive
Scattering .t Low Energies", Electron. At. Collisions, Proc. Int. Conf.,
10th. Meeting Date 1977, 591-603. Edited by: Watel, Guy. North-Holland:
Amsterdam, Neth. (1978).

64. Veselov, M. G.; Rekasheva, T. N., "Extension of the LCAO Method [Hydrogen

(H+) Ion Calculation]", Vestn. Leningr. Univ., Fiz., Khim. (2), 14-16
(1978).

65. Tambe, B. R.; Ritchie, Burke, "Continuum States for Hydrogen Molecule: A

Study of Convergence in e'-H+ Scattering Equations", J. Chem. Phys.
68(8), 3595-9 (1978).

66. Stine, J. R.; Muckerman, J. T. , "Charge Exchange and Chemical Reaction in

the H+ + H2 System. I. Characterization of the Potential Energy Sur-
faces and Nonadiabatic Regions", J. Chem. Phys. 68(l), 185-94 (1978).

67. Gentry, W. Ronald; Ringer, Geoffrey, "On the Possibility That Electron-

ically Excited Products May Be Formed in the Reaction H + + H2 - H + + H"
J. Chem. Phys. 67(11), 5398-9 (1977).

68. Douglass, Charles H. McClure, Donald J.; Gentry, W. Ronald, "The Dynam-
ics of the Reaction H + + H2 - H+ + H, with Isotopic Variations", J. Chem.

Phys. 67(11), 4931-40 (1977).

69. Malkhasyan, R. T. Zhurkin, E. S.; Tunitskii, N. N., "Excitation of Hy-
drogen Ions (H) and Dependence of the Cross Section of the Secondary

B-8

.. .. .. - = w a rn n u nenelling In U n 1 1= d



Ionic-Molecular Reaction H + Ar - ArH+ + H2 on Excitation Energy of the

H3 Ion", Khim. Vys. Energ. 11(6), 400-2 (1977).

70. Top, Zvi H.; Baer, Michael, "Incorporation of Electronically Nonadiabatic

Effects Into Bimolecular Reactive Systems. II. The Collinear (H2 + H+,

H + H) System", Chem. Phys. 25(1), 1-18 (1977).

71. Steinborn, E. Otto; Weniger, E. J., "Advantages of Reduced Bessel Func-

tions as Atomic Orbitals. An Application to the Hydrogen on (H)", Int.

J. Quantum Chem., Symp., 11 (Proc. Int. Symp. At., Mol., Solid-State The-
ory, Collision Phenom., Comput. Methods), 509-16 (1977).

72. Rekasheva, T, N., "Calculation cf the Hydrogen (H2) Molecular Ion", Tr.

Leningr. Korablestroit. Inst. 97, 60-1 (1975).

73. Hyatt, D.; Careless, P. N.; Stanton, L., "A Simple Ab-initio Potential

Surface for the Reaction H+(H2,H2)H] in C2v Symmetry", Int. J. Mass Spec-
trom. Ion Phys. 23(1), 45-50 (1977).

74. Auerbach, D.; Cacak, R.; Caudano, R; Gaily, T. D.; Deyser, C. J.; McGo-
wan, J. Wm.; Mitchell, J. B. A.; Wilk, S. F. J., "Merged Electron-Ion
Beam Experiments I. Method and Measurements of (e-H+) and (e-H+) Dissoc-

iative-Recombination Cross Sections", J. Phys. B: Atom. and Molec. Phys.
10(18), 3797-820 (1977).

75. Alvarez, Ignacio; Cisneros, Carmen; Barnett, C. F.; Ray, J. A., "Nega-
tive-Ion Formation From Dissociative Collisions of H2, H3, and HD2 in
Molecular Hydrogen, Helium, and Xenon", Phys. Rev. A, 14(2), 602-7

(1976).

76. Adamov, M. N.; Ivanov, A. I., "Calculation of Electric Field Gradient in

Hydrogen Ion (H2) on a Four-Center Base From Slater Type Funccions",

Vestn. Leningr. Univ. Fiz., Khim. (1), 28-31 (1976).

77. Vestal, M. L.; Blakley, C. R.; Ryan, P. W.; Futrell, J. H., "Crossed-Beam

of the Reaction H(D 2 ,H2)D2H
+", J. Chem. Phys. 64(5), 2094-111

(1976).

78. Ozenne, J.-B; Durup, J; Odom, R. W.; Pernot, C.; Tabche-Fouhailld, A.;

Tadjeddine, M., "Laser Photodissociation of the Isotopic Hydrogen Molec-

ular Ions. Comparison Between Experimental and Ab Initio Computed Frag-

ment Kinetic Energy Spectra", Chem. Phys. 16, 75-80 (1976).

79. Barsuk, A. A.; Zenchenko, V. P.; . isanov, M. M., "Hydrogen Molecular Ion

H in a Magnetic Field", Tezisy Dokl. Soobshch.-Konf. Molodykh Uch.

Mold., 9th, Meeting Date 1974, 50. Edited by: Lazarev, A. M.

"Shtiintsa": Kishinev, USSR. (1975).

80. Lees, A. B.; Rol, P. K., "Merging Beams Study of the D+(H 2 ,H)HD
+ and

B-9



H2(DH)HD+ Reaction Mechanisms", J. Chem. Phys. 63(6), 2461-5 (1975).

81. Bishop, David M.; Shih, Shing-Kuo; Beckel, Charles L.; Wu, Fun-Min; Peek,
James M., "Theoretical Study of H+ Spectroscopic Properties. IV. Adia-

batic Effects for the 2piu and 3da Electronic States", J. Chem. Phys.

63(11), 4836-41 (1975).

82. Elford, M. T.; Milloy, H. B., "Mobility of H+ and H+ Ions in Hydrogen and

the Equilibrium Constant for the Reaction H3 + 2H2 = H5 + H 2 at Gas Tem-

peratures of 195, 273, and 293 K", Aust. J. Phys. 27(6), 795-811 (1974).

83. Hiraoka, K.; Kebarle, P., "Temperature Dependence of Third Order Ion Mol-
ecule Reactions. Reaction H+ + 2H2 - H+ + H2 ", J. Chem. Phys. 63(2), 746-

9 (1975).

84. Hiraoka, K.; Kebarle, P. , "Determination of the Stabilities of H5, H7,

H + and H From Measurement of the Gas Phase Ion Equilibria H+ + H

Hn+2 (n - 3,5,7,9)", J. Chem. Phys. 62(6), 2267-70 (1975).

85. Robiette, Alan G., "Variation Theorem Applied to Hydrogen Ion (H). Sim-

ple Quantum Chemistry Computer Project", J. Chem. Educ. 52(2), 95-6

(1975).

86. Lees, A. L.; Rol, P. K., "Merging Beams Study of the H1(H2 ,H)14,

H4(D2 ,H)HD2, and D (H2 ,H)HD+ Reaction Mechanisms", J. Chem. Phys. 61(11),

4444-9 (1974).

87. Wendell, K. L.; Rol, P. K., "Merging Beams Study of the Reaction

H1(D,H)HD+ ' , J. Chem. Phys. 61(5), 2059-61 (1974).

88. Malkhasyan, R. T.; Zhurkin, E. S.; Tikhomirov, M. V.; Tunitskii, N. N.,

"Charge Exchange of Argon(l+) and Hydrogen(HE) Ions with Deuterium Mole-
cules in Reactive Collisions At Up to 100 eV, and Formation of Deuterium

(D3) Ions in Ion-Molecule Reactive Collisions Involving the Charge-Ex-
changed Deuterium (D+) + ) System", Chem. Phys. Lett. 119(2-3), 169-72

(1985).

89. Van Assalt, N. P. F. B.; Maas, J. G.; Los, J., "Laser Induced Photodis-

sociation of H+ and D+ Ions", Chem. Phys. 5, 429-38 (1974).

90. Peart, B; Dolder, K. T., "Collisions Between Electrons and H Ions. V.

Measurements of Cross Sections for Dissociative Recombination", J. Phys.

B: Atom. Molec. Phys. 7(2), 236-43 (1974).

91. Davydkin, V. A.; Rapoport, L. P., "Two-Photon Ionization of Molecular Hy-

drogen Ion (H)", Opt. Spektrosk. 36(2), 244-9 (1974).

)2. Bunker, P. R., "Nonadiabatic Effects on the Vibrational Intervals of Hy-
drogen Molecular Ion [H]", J. Mol. Spectrosc. 46(3), 504-5 (1973).

B-10



93. Zhurkin, E. S.; Kaminskii, V. A.; Tikhomirov, M. V.; Tunitskii, N. N.,
"Cross Sections of Hydrogen (H+) and Deuterium (D ) Ion Dissociation in
the 0.1-2 KeV Range", Zh. Tekh. Fiz. 43(2), 405-9 (1973).

94. Beckel, C.; Shapi, M; Peek, J. M., "Theoretical Study of H+ Spectroscopic

Properties. II. The 2pwu Electronic State", J. Chem. Phys. 59(10), 5288-

93 (1973).

95. Stewart, Ronald F., "Finite-Difference Solution of the Ur._ted Atom, One-
Center Expansion for H+", Mol. Phys. 24(4), 879-83 (1972).

96. Bochvar, D. A.; Tutkevich, A. V., "Chemical Bonding and Entropy of Elec-

tron Density Distribution in Molecules. II. Characteristics of Electron
Density Distribution in the H+ Molecular Ion", Zh. Strukt. Khim. 13(4),

678-81 (1972).

97. Herrero, F. A.; Doering, J. P., "Superelastic Collisions of Vibrationally
Excited H+ with Atoms and Molecules", Phys. Rev. Lett. 29(10), 609-11

(1972).

98. Sauers, I.; Fitzwilson, R. L.; Ford, J. C.; Thomas, E. W., "Angular Dis-
tribution of Metastable Hydrogen Formed by Dissociation of H+", Phys.
Rev. A, 6(4),.1418-24 (1972).

99. Ali, M. K.; Meath, W. J., "A Floating One-Center Perturbation Treatment
for H+-Like Molecules", Int. J. Quantum Chem. 6(5), 949-66 (1972).

100. Peart, B.; Dolder, K. T., "Collisions Between Electrons and H+ Ions.

III. Measurements of Proton Production Cross Sections at Low Energies",
J. Phys. B, 5(8), 1554-8 (1972).

101. Tung, Eleanor W.; Sanders, William A., "Simple Perturbation and Pertur-
bation-Variation Treatments of the lSag and 2pau States of H+", Int. J.
Quantum Chem. 6(4), 717-23 (1972).

102. Dolder, K.; Peart, B., "Proton Production by Collisions Between Elec-
trons and H+. Comments", J. Phys. B, 5(6), L129-LI31 (1972).

103. Taylor, Howard S.; Thomas, Lowell D., "Short-Lived Resonant State of
H2", Phys. Rev. Lett. 28(17), 1091-2 (1972).

104. Rundel, R. D., "Proton Production in Collisions Between Electrons and H+

Ions", J. Phys. B, 5(4), L76-L78 (1972).

105. Weinhold, Frank; Chinen, Allan B., "Variational Wave Functions for H+",

J. Chem. Phys. 56(8), 3798-801 (1972).

106. Von Busch, Friedrich; Dunn, Gordon H., "Photodissociation of H+ and D:

Experiment", Phys. Rev. A 5(4), 1726-43 (1972).

B-1l



107. Ozenne, J.-B.; Pham, D.; Durup, J., "Photodissociation of H2 by Mono-
chromatic Light with Energy Analysi: of the Ejected H+ Ions", Chem.

Phys. Lett. 17(3), 422-4 (1972).

108. Kelkar, V. K.; Bhalla, K. C.; Khubchandani, P. G., "Study of the Hydro-
gen Molecule Using H2 Molecular Orbital", Mol. Phys. 22(6), 1141-3

(1971).

109. Borkowski, Jozef, "Calculations of the Photoionization Cross Section of
H from isa State by Using Some Approximate Wave Functions", Bull. Soc.
Sci. Lett. Eodz, 24(3), 4 Pp. (1970).

110. Peart, B.; Dolder, K. T., "Collisions Between Electrons and H Ions. I.
Measurements of Cross Sections for Proton Production", J. Phys. B,

4(11), 1496-505 (1971).

111. Laurenzi, Bernard J., "Green's Function for the Hydrogen Molecular Ion
H+1, J. Chem. Phys. 55(6), 2681-4 (1971).

112. Jackson, M.; McEachran, R. P.; Cohen, M., "James Wave Function for the
Ground State of H+", Chem. Phys. Lett. 10(2), 143-5 (1971).

113. Borkman, R. F., "Electric Quadrupole Moments for H2, H 2 , and H+ from a
Point-Charge Model", Chem. Phys. Lett. 9(6), 624-6 (1971).

114. Borisov, M. S.; Vetchinkin, S. I., "Threshold Photoionization of the H+

Molecular Ion in the United Atom Model", Opt. Spektrosk. 30(3), 409-12

(1971).

115. Kawaoka, Kenji; Borkman, Raymond F., "Single-Center Calculations on the
Electronically Excited States of Equilateral H Ion", J. Chem. Phys.
54(10), 4234-8 (1971).

116. Trivedi, P. C., "Wave Functions for H+", J. Phys. B, 4(4), 420-3 (1971).

117. Bishop, David M., "Cubic and Quartic Force Constants for H2", J. Chem.

Phys. 54(6), 2761-2 (1971).

118. Katriel, J.; Adam, Gabriel, "Exact Analytic Evaluation of the H Force
Constant", Chem. Phys. Lett. 8(2), 191-4 (1971).

119. Mueller, Hans, "Theoretical Study of Hydrogen Polymers. I. Calculation
of the Proton Affinities of H, H2 , and H3 ", Z. Chem. 10(12), 478-9

(1970).

120. Silters, E.; Ustinov, N. N.; Yurkevich, V. E.; Bolotin, A. B., "Calcula-

tion of the Energy Spectrum and Wave Functions of the H Ion Electron",
Str. Mol. Kvantovaya Khim., 138-42. Edited by: Brodskii, A. I. "Naukova

Dumka": Kiev, USSR. (1970).

B-12



121. Jasperse, J. R., "Method for One Particle Bound to Two Identical Fixed

Centers: Application to H+". Phys. Rev. A, [3]2(6), 2232-44 (1970).

122. Tunitskii, N. N.; Zhurkin, E. S. ; Tikhomirov, M. V., "Effect of the E:-

citation of H+ and D+ Ions on the Cross Section of Their Dissociatio:
During a Collision with Atoms and Molecules At 0.1-2 keV", Pis'ma 71:

Eksp. Teor. Fiz. 12(6), 312-14 (1970).

123. Weingartshofer, A.; Ehrhardt, Helmut; Hermann, V.; Linde, F., "Measure-
ments of Absolute Cross Sections for (e, H2 ) Collision Processes. For-
mation and Decay of H2 Resonances", Phys. Rev. A, [3] 2(2), 294-304

(1970).

124. Schaad, Lawrence J.; Hicks, W. V., "Equilibrium Bond Length in H4", T.

Chem. Phys. 53(2), 851-2 (1970).

125. Chang, Edward S.; Temkin, Aaron, "Rotational Excitation of Diatomic Mol-
ecular Systems. II. H+", J. Phys. Soc. Jap. 29(1), 172-9 (1970).

126. Csizmadia, Imre G.; Kari, R. E.; Polanyi, John C.; Roach, A. C.; Pobb,
M. A., "Ab-initio SCF-MO-CI Calculations for H-, H2 , and H+ Using Gaus-
sian Basis Sets", J. Chem. Phys. 52(12), 6205-11 (1970).

127. Burt, J. A.; Dunn, Jerry L.; McEwan, M. J.; Sutton, M. M.; Roche, A. E.;
Schiff, Harold I., "Ion-Molecule Reactions of H3 and the Proton Affinity
of H2", J. Chem. Phys. 52(12), 6062-75 (1970).

128. Schaad, L. J.; Hicks, W. V., "Equilibrium Bond Length in H+", J. Chem.
Phys. 53(2), 851-52 (1970).

129. Beckel, Charles L.; Hansen, Bertle D. III, "Theoretical Study of H+

Ground Electronic State Spectroscopic Properties", J. Chem. Phys. 53(9),
3681-90 (1970).

130. Jefferts, Keith B., "Hyperfine Structure in the Molecular Ion H+", Phys.
Rev. Lett. 23(26), 1476-7 (1969).

131. Jackson, Malcolm; McEachran, Robert P.; Cohen, Maurice, "Second-Order
Perturbation Treatment of the Ground State of H+", J. Chem. Phys. 52(1),
102-6 (1970).

132. Calvert, J. McI.; Davison, William Donald, "Numerical Single-Center Cal-
culation of the Polarizabilities of H+", Chem. Phys. Lett. 4(6), 327-30

(1969).

133. Bishop, David M.; Macias, A., "Ab Initio Calculation of Harmonic Force
Constants. II. Application to Gaussian Wavefunctions for H+", J. Chem.
Phys. 51(11), 4997-5001 (1969).

B-13



134. Temkin, Aaron; Vasavada, K. V.; Chang, Edward S.; Silver, A., "Scatter-

ing of Electrons From H. II", Phys. Rev. 186(1), 57-66 (1969).

135. Stecher, Theodore P.; Williams, David A., "Interstellar H+ Molecule",

Astrophys. Lett. 4(3), 99-101 (1969).

136. Lyon, William D.; Matcha, Robert L.; Sanders, William A.; Meath, William

J.; Hirschfelder, Joseph 0., "Erratum: Perturbation Treatment of the

Ground Sta:e of H+", J. Chem. Phys. 51(7), 3151-2 (1969).

137. Latimer, C. J.; Browning, R.; Gilbody, H. B., "Dissociation and Charge

Transfer in 1.4-46 keV 14-H2 Collisions", Proc. Phys. Soc., London (At.

Mol. Phys.), [212(10), 1055-9 (1969).

138. Bochvar, D. A.; Borodzich, R. M.; Tutkevich, A. V., "Chemical Bonding

and Entropy of Electron Density Distribution in Molecules. I. H+ and

H2 ", Zh. Strukt. Khim. 10(3), 530-2 (1969).

139. Branidas, Erkki; Goscinski, 0., "Symmetry-Adapted Second-Order Energy.
Some Comments and Results for H4", J. Chem. Phys. 51(3), 975-83 (1969).

140. Meierjohann, B.; Seibt, W., "Collision-Induced Dissociation of H Ions

Energy and Angular Dependence", Z. Phys. 225(1), 9-25 (1969).

141. Luke, S. K., "Radiofrequency Spectrum of H", Astrophys. J. 156(2)(Pt.

1), 761-9 (1969).

142. Radel, Stanley R.; Gorman, Ronnie; Cutler, Carol; Kahn, Luis, "Geomet-

ric-Mean Variation Function for the Hydrogen Molecular Ion H2", J. Chem.
Phys. 50(8), 3642-4 (1969).

143. Leventhal, Jacob J.; Friedman, Lewis, "Energy Transfer in the De-Excita-
tion of H+ by H2 ", J. Chem. Phys. 50(7), 2928-31 (1969).

144. Conroy, Harold, "Molecular Schrodinger Equation. X. Potential Surfaces
for Ground and Excited States of Isosceles H+ and H+", J. Chem. Phys.
51(9), 3979-3993 (1969).

145. Luke, S. K.; Hunter, G.; McEachran, Robert P.; Cohen, Maurice, "Relativ-
istic Theory of H+", J. Chem. Phys. 50(4), 1644-50 (1969).

146. Peek, James M., "Discrete Vibrational States Due Only to Long-Range
Forces: 2 u (2pau ) State of H", J. Chem. Phys. 50(10), 4595-96 (1969).

u (Pu) Stt 2f J

147. Luke, S. K.; Hunter, G.; McEachran, R. P.; Cohen, M., "Relativistic The-
ory of H+", J. Chem. Phys. 50(4), 1644-50 (1969).

148. Gersten, Joel I., "Evaluation of the Lamb Shift for the Hydrogen Mole-
cule-Ion", J. Chem. Phys. 51(8), 3181-85 (1969).

B-14



149. Dunn, Gordon H., "Photodissociation of H+ and D : Theory and Tables',
Joint Inst. Lab. Astrophys., Rep. No. 92, 55 Pp. (1968).

150. Tunitskii, N. N., "Effect of the Excitation of H+ And D+ Ions in the Re-
action in Which They Take Part", Teor. Eksp. Khim. 4(5), 695-8 (1968).

151. Winter, Nicholas Wilhelm; McKoy, Vincent, "Numerical One-'enter Calcula-

tion of the ns-(a) Rydberg Series of H+", J. Chem. Phys. 49(10), 4728-30

(1968).

152. Bishop, David M., "Calculation of the Electric Field Gradient at the

Nucleus in H2", J. Chem. Phys. 49(8), 3718-22 (1968).

153. Burke, P. G., "Potential Energy Curves of Hi", Proc. Phys. Soc., London,

At. Mol. Phys. [211(4), 586-8 (1968).

154. Main, I. G.; Durell, J. L.; Sareen, R. A., "Search for the Formation of
H_ Ions From 40-keV H+ Ions in Hydrogen", Proc. Phys. Soc., London, At.
Mol. Phys. [2] 1(4), 755-7 (1968).

155. Hayden, Howard C.; Amme, Robert C., "Vibrational Excitation Effects on
Charge-Transfer Processes Involving H+ and D+ Between 70 and 1000 eV",
Phys. Rev. 172(1), 104-9 (1968).

156. Damburgs, R.; Propin, R. Kh., "Asymptotic Expansion of the Electronic

Terms of the Hydrogen Molecular Ion H+", Latv. PSR Zinat. Akad. Vestis,
Fiz. Teh. Zinat. Ser. (1), 50-9 (1968).

157. Jefferts, Keith B., "Rotational Hyperfine Structure Spectra of Hydrogen
Molecular Ions", Phys. Rev. Lett. 20(2), 39-41 (1968).

158. Blicharski, Jerzy S., "Radio-Frequency Transitions and Nuclear and Elec-
tron Polarization for Hydrogen Molecular Ions 4l", Can. J. Phys. 46(7),
823-9 (1968).

159. Hughes, Raymond Hargett; Kay, David B.; Stigers, C. A.; Stokes, E. D.,
"Production of Hydrogen Atoms in the 3s State by the Dissociation of
Fast H+ and H+ Projectiles on Impact with Hydrogen, Helium, Argon, and
Neon", Phys. Rev. 167(l), 26-9 (1968).

160. Neynaber, Roy H.; Trujillo, S. M., "Study of H + H2 -H + + H Using
Merging Beams", Phys. Rev. 167(l), 63-6 (1968).

161. Richardson, C. B.; Jefferts, K. B.; Dehmelt, H. G., "Alignment of the H2
Molecular Ion by Selective Photodissociation. II. Experiments on the
Radio-Frequency Spectrum", Phys. Rev. 165(l), 80-87 (1968).

162. Solov'ev, E. S.; Il'in, R. N.; Oparin, V. A., Fedorenko, N. V., "Produc-

B-15



tion of Highly Excited Hydrogen Molecules and Atoms by Fast H+ and H+

Ions Passing Through Hydrogen, Neon, and Magnesium and Sodium Vapor",

Zh. Eksp. Teor. Fiz. 53(6), 1933-41 (1967).

163. Oksyuk, Yu. D., "Effect of Vibrational Excitation on the Dissociation of
the Molecular Hydrogen Ion Under Electron and Proton Bombardment", Opt.

Spektrosk. 23(3), 366-73 (1967).

164. Williams 'ames Francis; Dunbar, D. N. F., "Charge Exchange and Dissoci-
ation Cross Sections for H+, H+, and H Ions of 2- to 50-keV Energy In-
cident Upon Hydrogen and the Inert Gases", Phys. Rev. 149(1), 62-9

(1966).

165. Bhalla, K. C.; Khubchandani, P. G., "A Variational Function for the
Ground State of H+", Proc. Phys. Soc., London, 92(3), 529-30 (1967).

166. Dance, D. F.; Harrison, M. F. A.; Rundel, Robert D.; Smith, A. C. H., "A
Measurement of the Cross Section for Proton Production in Collisions Be-

tween Electrons and H+ Ions", Proc. Phys. Soc., London, 92(3), 577-8

(1967).

167. Eliezer, Isaac; Taylor, Howard S.; Williams, James Kendree, Jr., "Reson-
ant States of H2", J. Chem. Phys. 47(6), 2165-77 (1967).

168. McQuarrie, Donald A.; Hirschfelder, Joseph 0.. "Intermediate-Range In-
termolecular Forces in H+", J. Chem. Phys. 47(5), 1775-80 (1967).

169. Cohen, Maurice; McEachran, Robert P.; McFhee, Sheila D., "Approximate
Molecular Orbitals. IV. The 3dg and 4f6 States of H+", Can. J. Phys.

45(8), 2533-42 (1967). g

170. Carlson, Charles M. , "Use of Linear Nonsymmetric Eigenvalue Equations
for a Sum-Over-Points Approach: Application to H2", J. Chem. Phys.

47(2), 862-3 (1967).

171. Silbey, Robert, "Perturbation of Calculation of the Energy of the First
Excited State (2pa) of H+", J. Chem. Phys. 46(10), 4026-8 (1967).

172. Komarov, I. V.; Slavyanov, S. Yu., "Wavefunctions and Electron Terms of
the H+ Molecular Ion for Large Internuclear Distances", Zh. Eksp. Teor.

Fiz. 52(5), 1368-77 (1967).

173. Patel, Jashbhai C., "Accurate Wavefunction of H+", J. Chem. Phys. 47(2),

770-4 (1967).

174. Dei-Cas, Renato; Fumelli, Michele; Girard, Jean Pierre; Prevot, Fran-
cois; Valckx, Franciscus P. G., "Dissociation of Hydrogen Molecular Ions
by the Lorentz Force", Nucl. Fusion, 6(3), 212-14 (1966).

B-16



175. Peek, James M.; Green, Thomas Allen; Weihofen, W. H., "Theory of High-

Energy Inelastic Collisions Between Molecular Systems. Dissociation of

H with H2 ", Phys. Rev. 160(1), 117-24 (1967).

176. Zare, Richard N., "Dissociation of H+ by Electron Impact: Calculated

Angular Distribution", J. Chem. Phys. 47(l), 204-15 (1967).

177. Henderson, Richard C.; Ebbing, Darrell D., "Calculation- of Electric
Field Gradients in H + and H2 Using Single-Center Wave unctions", J.

Chem. Phys. 47(1), 69-72 (1967).

178. Adamov, M. N.; Rebane, T. K.; Evarestov, R. A., "Polarizability of the
2{ Ion", Opt. Spektrosk. 22(5), 709-13 (1967).

179. Doverspike, L. D.; Champion, Roy L., "Ion-Molecule Reactions of D+ with
D2 and H2 ", J. Chem. Phys. 46(12), 4718-25 (1967).

180. Leventhal, Jacob J.; Moran, Thomas F.; Friedman, Lewis, "Molecular Res-
onant Charge-Transfer Processes; H+-H2 and N+-N2 ", J. Chem. Phys.

46(12), 4666-72 (1967).

181. Pavlik, Philip I.; Blinder, Seymour M., "Relativistic Effects in Chemi-
cal Bonding: The H+ Molecule", J. Chem. Phys. 46(7), 2749-51 (1967).

182. Dunken, Helga H.; Gottschlich, Klaus, "Relation Between Axial Electron
Density and Bond Energy for Various Approximation Functions in H+", Z.

Phys. Chem. (Leipzig), 233(3-4), 231-6 (1966).

183. Peek, James M., "Theory of Dissociation of H+ by Fast Electrons", Phys.

Rev. 154(1), 52-6 (1967).

184. Dunn, Gordon H.; Van Zyl, Bert, "Electron Impact Dissociation of H+",

Phys. Rev. 154(l), 40-51 (1967).

185. Bottiglioni, Franco; Coutant, Jacques; Gadda, Erio, "Dissociation of H

and H3 in a Lithium Plasma", J. Phys. (Orsay, Fr.), 27(9-10), 599-604

(1966).

186. McClure, Gordon W., "Dissociation of H+ Ions in Collision with Hydrogen
Atoms: 3 to 115 keV", Phys. Rev. 153(1), 182-3 (1967).

187. Lefaivre, Jean, "Energy of H+ Ions by the L.C.A.O. Method", Can. J.

Phys. 45(1), 228-230 (1967).

188. Hunter, G.; Pritchard, H. 0., "Born-Oppenheimer Separation for Three-
Particle Systems. III. Applications", J. Chem. Phys. 46(6), 2153-58

(1967).

189. Buchheit, K.; Henkes, W., "Untersuchung der Massenverteilung von Was-

B-17



serstoff-Agglomerat-lonen in Einem Massenspektrometer mit Energiezer-
legung", Z Angew. Phys. 24(4), 191-6 (1967).

190. Dutton, J.; Llewellyn-Jones, Frank; Rees, Walter D.; Williams, Edward
Malcolm, "Motion of Slow Positive Ions in Gases. IV. Drift and Diffu-
sion of Ions in Hydrogen", Philos. Trans. R. Soc. London, Ser. A,

259(1100), 339-54 (1966).

191. Valckx, Franciscus P. G.; Verveer, Philippe, "Vibrational Dissociation
and Cascade Dissociation of H+ Ions by Collisions with Gas Molecules",
J. Phys. (Orsay, Fr.), 27(7-8), 480-4 (1966).

192. Cohen, Maurice; Dorrell, Brenda H.; McEachran, Robert P., "Approximate
Molecular Orbitals. II. The 2piru and 3dg States of H2", Can. J.
Phys. 44(11), 2827-38 (1966).

193. Cohen, Maurice; McEachran, Robert P., "Approximate Molecular Orbitals.
I. The lSag and, 2pa u States of H", Can. J. Phys. 44(11), 2809-25
(1966).

194. Nielsen, Svend E.; Dahler, John S., "Theory of the Dissociative Recom-
bination and Associative Ionization of Hydrogen", J. Chem. Phys.
45(11), 4060-79 (1966).

B-18



Section II: H3 (and H3)

1. Le Coz, Georges; Tuffin, Firmin, "A Study of a Collision Process Cre-

ating Molecular Ions of Hydrogen (H) and Deuterium (D+)", C. R. Acad.

Sci. Ser. 2, 304(8), 295-300 (1987).

2. Schlier, Christoph G,; Vix, Ulrike, "Complex Formation in 'roton-Hydro-

gen Collisions. II. Isotope Effects", Chem. Phys. 113, 2-1-221 (1987).

3. Mitchell, J. B. A., "The Role of Electron-Ion Recombination in Bulk An-

timatter Production", Proc. Cooling, Condensation, and Storage of Hydro-
gen Cluster Ions Workshop, 1/8-9/87, 143-156. Edited by John T. Bahns.
University of Dayton Research Institute (1987).

4. Bahns, J. T., "Key Problems and Hydrogen Atom Formation", Proc. Cooling,

Condensation, and Storage of Hydrogen Cluster Ions Workshop, 1/8-9/87,
219-230. Edited by John T. Bahns. University of Dayton Research Insti-

tute (1987).

5. Bahns, J. T.; Sando, K. M.; Tardy, D. C.; Stwalley, W. C., "Proceedings
of the Hydrogen Cluster Ion Study Group", Proc. Cooling, Condensation,
and Storage of Hydrogen Cluster Ions Workshop, 1/8-9/87, Al-64. Edited
by John T. Bahns. University of Dayton Research Institute (1987).

6. Crofton, M., "Infrared Spectroscopy of H+", Proc. Cooling, Condensation,
and Storage of Hydrogen Cluster Ions Workshop, 1/8-9/87, 119-124. Ed-
ited by John T. Bahns. University of Dayton Research Institute (1987).

7. Bowers, M. T., "Formation and Reactivity of Small Hydrogen Cluster

Ions", Proc. Cooling, Condensation, and Storage of Hydrogen Cluster Ions
Workshop, 1/8-9/87, 61-72. Edited by John T. Bahns. University of Day-

ton Research Institute (1987).

8. Saxon, R., "Overview of Hydrogen Clusters", Proc. Cooling, Condensation,
and Storage of Hydrogen Cluster Ions Workshop, 1/8-9/87, 27-37. Edited

by John T. Bahns. University of Dayton Research Institute (1987).

9. Vojtik, Jan; Spirko, Vladimir; Jensen, Per, "Vibrational Energies of H+

and Li+ Based on Diatomics-in-Molecules Potentials", Collect. Czech.

Chem. Commun. 51(10), 2057-62 (1986).

10. Johnson, B. R., emiclassical Vibrational Eigenvalues of H3, D3, and T3
by the Adiabatic Switching Method", J. Chem. Phys. 86(3), 1445-50

(1987).

11. Michels, H. H.; Montgomery, J. A. Jr., "The Electronic Structure and
Stability of the H3 Anion", Chem. Phys. Lett. 139(6), 535-539 (1987).

B-19



12. Hamilton, I., "Vibrational Spacings for H3", J. Chem. Phys. 87(1), 7'4-

776 (1987).

13. Tennyson, Jonathan; Sutcliffe, Brian T., "The Infrared Spectrum of H+133

and Its Isotopomers. A Challenge to Theory and Experiment", J. Chem.

Soc., Faraday Trans. 2, 82(8), 1151-62 (1986).

14. Child, M. S., "Semiclassical Method for the Determination of Narrow Mul-

tichannel Rcsonances: Application to Hydrogen Molecular Ion (H3)", J.
Phys. Chem. 90(16), 3595-9 (1986).

15. Pan, Fu Shih; Oka, Takeshi, "Calculated Forbidden Rotational Spectra of
the Hydrogen Ion (H3)", Astrophys. J. 305(1, Pt. 1), 518-25 (1986).

16. Miao, Jingwei; Yang Beifang; Hao, Shizuho; Jiang, Zengxue; Shi, Miang-
ong; Cue, N., "Internuclear Separations From Foil Breakup of Fast H+,
H3, D2 and D3 Molecules", Nucl. Instrum. Methods Phys. Res. Sect. B,
B13(1-3), 181-3 (1986).

17. Sen, A.; Mitchell, J. B. A., "Production of Vibrationally Cold Ions Us-

ing a Radio-Frequency Storage Ion", Rev. Sci. Instrum. 57(5), 754-756

(1986).

18. Helm, Hansp7ter, "Observation of High-n Rydberg Series (7 < n < 49) of
the H3 Molecule", Phys. Rev. Ltt. 56(1), 42-45 (1986).

19. Foster, S. C.; McKellar, A. R. W.; Peterkin, I. R.; Watson, J. K. G.;
Pan, F. S.; Crofton, M. W.; Altman, R. S.; Oka, T., "Observation and An-
alysis of the v2 and v3 Fundamental Bands of the H2D

+ Ion", J. Chem.
Phys. 84(1), 91-99 (1986).

20. J. B. A. Mitchell, "Dissociative Recombination of Molecular Ions", 185-
222, Atomic Processes in Electron-Ion and Ion-Ion Collisions, Edited by
F. Brouillard, Plen'm Publishing Corp. (1986).

21. Sen, Amarjit; Mitchell, J. B. A., "Production of H Ions with Low Inter-
nal Energy for Studies of Dissociative Recombination", J. Phys. B: At.
Mol. Phys. 19, L545-549 (1986).

22. Shpirko, V., "Vibration-Rotation Hamiltonian of X3 Type Molecules in
Internal Coordinates. Vibrational Spectrum of Hydrogen (H) Molecule",
Aktual. Probl. Spektroskopii. Materialy Simp. Uchenykh Sots. Stran po
Nov. Probl. Spektioskopii, Moskva, 18-22 Uyunya, 1984, M. 26-9 From: Ref.
Zh., Fiz. (A-Zh.) 1985, Abstr. No. 8D65 (1985).

23. Adams, N. G.; Smith, D., "Dissociative Recombination of Triatomic Hydro-
gen Cation (H+), Oxomethylium, Nitrogen Hydride (N2H

+ ) and Monoproton-
ated Methane (CH)", NATO ASI Ser., Ser. C, 157(Mol. Astrophys.), 657-9
(1985).

B-20



24. Tennyson, Jonathan; Sutcliffe, Brian T., "A Calculation of the Rovibra-
tional Spectra of the H3, H2D

+ and D2H
+ Molecules", Mol. Phys. 56(5),

1175-83 (1985).

25. Levin, F. S.; Shertzer, J., "Channel-Coupling Array Analysis of Electron

Correlation in Hydrogen Molecular Ion (H+)", Phys. Rev. A: Gen. Phys.

32(4), 2062-7 (1985).

26. Phillips, T. G.; Blake, Geoffrey A.; Keene, Jocelyn; Wo is, R. Claude;
Churchwell, E., "Interstellar Hydrogen Ion (H+): Possible Detection of

the 10 -, i1 Transition of H2D
+ ', Astrophys. J. 294(1, Pt. 2), L45-L48

(1985).

27. Amano, T., "Difference-Frequency Laser Spectroscopy of Molecular Ions
with a Hollow-Cathode Cell: Extended Analysis of the v, Band of H2D

+",

J. Opt. Soc. Am. B 2(5), 790-793 (1985).

28. Watson, J. K. G.; Foster, S. C.; McKellar, A. R. W.; Bernath, P.; Amano,
T.; Pan, F. S.; Crofton, M. W.; Altman, R. S.; Oka, T., "The Infrared
Spectrum of the v2 Fundamental Band of the Hydrogen (H3) Molecular Ion",

Can. J. Phys. 62(12), 1875-85 (1984).

29. Mitchell, J. B. A.; Ng, C. T.; Forand, L.; Janssen, R.; McGowan, J. Wil-
liam, "Total Cross Sections for the Dissociative Recombination of Hydro-
gen (H+), Hydrogen-Deuterium (HD+) and Deuterium (Dl)", J. Phys. B,
17(24), L909-L913 (1984).

30. Preiskorn, Aleksandra; Woznicki, Wieslaw, "Variational Calculations for
the Ground State of Triatomic Hydrogen Ion (H3)", Mol. Phys. 52(6),

1291-301 (1984).

31. Adams, Nigel G.; Smith, David; Alge, Erich, "Measurements of Dissocia-
tive Recombination Coefficients of H3, HCO +, N2H

+ , and CH5 at 95 and 300
K Using the FALP Apparatus", J. Chem. Phys. 81(4), 1778-84 (1984).

32. Eaker, Charles W.; Schatz, George C., "Semiclassical Vibrational Eiger-
values of Triatomic Molecules: Application of the FFT Method to Sulfur

Dioxide, Water, Hydrogen Ion (H3) and Carbon Dioxide", J. Chem. Phys.
81(5), 2394-9 (1984).

33. Carrington, Alan; Kennedy, Richard A., "Infrared Photodissociation Spec-

trum of the Hydrogen (H3) Ion", J. Chem. Phys. 81(1), 91-112 (1984).

34. MacDonald, Jeffrey A.; Biondi, Manfred A.; Johnsen, Rainer, "Recombina-

tion of Electrons with Hydrogen (H+ and H ) Ions", Planet. Space Sci.
32(5), 651-4 (1984).

35. Burton, P. G.; Von Nagy-Felsobuki, E.; Doherty, G.; Hamilton, M.,

"Vibration Spectrum of Triatomic Hydrogen Ion (H): A Model Hamilton-

B-21



L -- 4M3- -ONt GO -CDENSAT JON AND STORA OF HY0ROGF*-CL *F-,Sc

UNCLSSIIED DAYTON UNIV ON RESEARCH INST J T BANNS NOV 887/I m m m miSIID D-T-8-8RALTR8-06F061-2Ci06i/ 72 UIEE.



ian", Chem. Phys. 83(1-2), 83-8 (1984).

36. Bae, Y. K.; Coggiola, M. J.; Peterson, J. R., "Search for H2, H3, and

Other Metastable Negative Ions", Phys. Rev. A, 29(5), 2888-90 (1984).

37. Saito, Shuji; Kawaguchi, Kentarou; Hirota, Eizi, "The Microwave Spectrum

of the H2D
+ Ion; The 220 - 221 Transition", J. Chem. Phys. 82(1), 45-47

(1985).

38. Okumura, M; Yeh, L. I.; Lee, Y. T., "The Vibrational Predissociation

Spectroscopy of Hydrogen Cluster Ions", J. Chem. Phys., 83(7), 3705-6

(1985).

39. Warner, H. E.; Conner, W. T.; Petrmichl, R. H.; Lemoine, B., "Labora-

tory Detection of the 110 -+ 11 Submillimeter Wave Transition of the

H2D
+ Ion", J. Chem. Phys. 81(5), 2514 (1984).

40. Bogey, M.; Demuynck, C.; Denis, M.; Destombes, J. L.; Lemoine, B., "Lab-
oratory Measurement of the 110 - il Submillimeter Line of H2D

Astron. Astrophys. 137(2), L13-L14 (1984).

41. Lubic, Karen G.; Amano, T., "Observation of the v, Fundamental Band of
D2H+ ' , Can. J. Phys. 62(12), 1886-1888 (1984).

42. Kutina, R. E.; Edwards, A. K.; Pandolf, R. S.;Berkowitz, J., "UV Laser
Photodissociation of Molecular Ions", J. Chem. Phys. 80(9), 4112-9
(1984).

43. Gellene, Gregory I.; Porter, Richard F., "Experimental Observations of
Excited Dissociative and Metastable States of Triatomic Hydrogen Radical
(H3) in Neutralized Ion Beams", J. Chem. Phys. 79(12), 5975-81 (1983).

44. Oka, Takeshi, "The Hydrogen (H ) Ion", Mol. Ions: Spectrosc., Struct.
Chem., 73-90. Edited by: Miller, Terry Alan; Bondybey, Vladimir E.
North-Holland: Amsterdam, Neth. (1983).

45. Mitchell, J. B. A.; Forand, J. L.; Ng, C. T.; Levac, D. P.; Mitchell, R.
E.; Mul, P. M.; Claeys, W.; Sen, A.; McGowan, J. William, "Measurement
of the Branching Ratio for the Dissociative Recombination of Triatomic

Hydrogen (H3) + Electron", Phys. Rev. Lett. 51(10), 885-8 (1983).

46. Gaillard, M. J.; De Pinho, A. G.; Poizat, J. C.; Remillieux, J.; Saoudi,

R., "Experimental Study of the Triatomic Hydrogen Molecule Through the
Collisional Sequence H+ - H3 - H' Undergone by Fast Beams in Argon",
Phys. Rev. A, 28(3), 1267-75 (1983).

47. Yamaguchi, Yukio; Gaw, Jeffrey F.; Schaefer, Henry F., III, "Molecular
Clustering about a Positive Ion. Structures, Energetics, and Vibra-

tional Frequencies of the Protonated Hydrogen Clusters H, H, H, and

B-22



9 J. Chem. Phys. 78(6, Pt. 2), 4074-85 (1983).

48. Montgomery, D. L.; Jaecks, D. H., "Three-Body Dissociation of H3", Phys.

Rev. Lett. 51(20), 1862-1864 (1983).

49. Elford, M. T., "The Heat of Dissociation of H Derived from Measurements
of Ion Mobilities", J. Chem. Phys. 79(12) 5951-5959 (1983).

50. Hirao, K; Yamabe, S., "Theoretical Study on the Structure and Stability
of Hydrogen Ion Clusters H+ and H_ (n - 3, 5, 7, 9, 11, 13)", Chem.
Phys. 80, 237-243 (1983).

51. Poluyanov, L. V., "One Model of High Single-Electron Excitations in the
Hydrogen Ion (H+)", Zh. Strukt. Khim. 23(1), 16-21 (1982).

52. Rayez, J. C.; Rayez-Meaume, M. T.* Massa, L. J., "Theoretical Study of
the Hydride (H3) Cluster", J. Chem. Phys. 75(11), 5393-7 (1981).

53. Adams, N. G.; Smith, D., "A Laboratory Study of the Reaction H + HD
+3H2D + H2 : The Eleu-ron Densities and the Temperatures in Interstellar

Clouds", Astrophys. J. 248(1, Pt. 1), 373-9 (1981).

54. Goh, S. C.; Swan, J. B., "Collisional Dissociation and the Binding En-
ergy of Hydrogen Molecular Ion (H+)", Phys. Rev. A, 24(3), 1624-5
(1981).

55. Sataka, Masao; Shirai, Toshizo; Kikuchi, Akira; Nakai, Yohta, "Ioniza-
tion Cross Sections for Ion-Atom and Ion-Molecule Collisions. I. Ioni-

zation Cross Sections for Hydrogen and Helium Ions H+ H' H, He and
He+ +  Incident on H, H2 , and He", Nippon Genshiryoku Kenkyusho, [Rep.]
JAERI-M, JAERI-M-9310, 65 Pp. (1981).

56. Shy, J.-T.; Farley, John W.; Wing, William H., "Observation of the In-
frared Spectrum of the Triatomic Molecular Ion H2D

+", Phys. Rev. A
(24(2), 1146-49 (1981).

57. Carney, Grady D., "Rotation Energies for Deuterated Hydrogen (H) Oscil-
lators in Zero-Point States of Vibration", Chem. Phys. 54(l), 103-7
(1980).

58. Oka, Takeshi, "Observation of the Infrared Spectrum of H+", Phys. Rev.
Lett. 45(7), 531-4 (1980).

59. Carney, G. D.; Porter, R. N., "Ab Initio Prediction of the Rotation-Vi-
bration Spectrum of H+ and D+", Phys. Rev. Lett. 45(7), 537-41 (1980).

60. Kyrala, George A.; Tolliver, David E.; Wing, William H., "Production of
H+, HeH + and He+ Ion Beams Using a Coaxial Electron-Impact Ion Source",
Int. J. Mass Spectrom. Ion Phys. 33(4), 367-82 (1980).

B-23



61. Anderson, S. L.; Hirooka, T.; Tiedemann, P. W.; Mahan, B. H.; Lee, Y.
T., "Photoionization of Hydrogen [(H2 )2 ] and Clusters of Oxygen Mole-
cules", J. Chem. Phys. 73(10), 4779-83 (1980).

62. Huber, B. A.; Schulz, U.; Wiesemann, K., "Cross Sections for Slow Ion
Production and Charge Transfer in H+(D+)-H 2 (D2 ) Collisions", Phys. Lett.
A, 79A(l), 58-60 (1980).

63. Oda, Nobuc, Urakawa, Junji; Tokoro, Nobuhiro; Nojiri, Hiroshi, "Ionizing
Collisions of Hydrogen Cluster Ions (H+, H2, H) of Intermediate Ener-

gies with Gases", longen to Sono Oyo, Shinpojumu, 4th, 205-8. Ion Kog-

aku Kondankai: Kyoto, Japan. (1980).

64. Koyano, Inosuke; Tanaka, Kenichiro, "State-Selected Ion-Molecule Reac-
tions by a Threshold Electron-Secondary Ion Coincidence (TESICO) Tech-
nique. I. Apparatus and the Reaction H+ + H2  H + H", J. Chem. Phys.

72(9), 4858-68 (1980).

65. Shy, J.-T.; Farley, J. W.; Lamb, Willis E. Jr.; Wing, William H., "Ob-
servation of the Infrared Spectrum of the Triatomic Deuterium Molecular

Ion D3
+ ", Phys. Rev. Lett. 45(7), 535-37 (1980).

66. Carney, G. D., "Refinements in the Vibrations Frequencies of H+ and D +

Mol. Phys. 39(4) 923-933 (1980).

67. Dyachenko, G. G.; Nemukhin, A. V.; Stepanov, N. F., "Approximation of
Potential Surfaces and Solution of a Vibration Problem for the Molecular
Hydrogen Ion (H+)", Vestn. Mosk. Univ., Ser. 2: Khim. 20(5), 416-22

(1979).

68. Dement'ev. A. i.; Simkin, V. Ya., "Calculations of Potential Surfaces of
Ground and Excited States of the Hydrogen Ion (H+) and the Hydrogen Mol-
ecule (H3 ) by the Method of Configuration Interaction", Deposited Doc.,
VINITI 1454-78, 48 Pp. Avail. VINITI (1978).

69. Dykstra, Clifford E.; Swope, William C., "The Hydrogen Ion (H+) Poten-
tial Surface", J. Chem. Phys. 70(l), 1-3 (1979).

70. Hirooka, Tomohiko; Anderson, Scott L.; Tiedemann, Peter W.; Mahan, Bruce
H.; Lee, Yuan T., "Photoionization of Molecular Hydrogen Dimer (H2 )2 ",
Koen Yoshishu - Bunshi Kozo Sogo Toronkai, 64-5. Chem. Soc. Japan: Tok-

yo, Japan. (1979).

71. Garcia, R.; Rossi, A.; Russek, A., "Dissociating States of the H3 Sys-
tem", J. Chem. Phys. 70(12), 5463-67 (1979).

72. Bader, Richard F. W.; Nguyen-Dang, T. Tung; Tal, Yoram, "Quantum Topol-
ogy of Molecular Charge Distributions. II. Molecular Structure and its

Change", J. Chem. Phys. 70(9) 4316-29 (1979).

B-24



73. Dykstra, Clifford E.; Swope, William C., "The H+ Potential Surface", J.

Chem. Phys. 70(1), 1-3 (1979).

74. Saute, Marcel; Laforgue, Alexandre, "Correlation, Ionization, and At-
tachment Operators Studied as an Example of Triatomic Hydrogen and H+

3
Complexes in a Diagramatic Method Extended to Open Shell Systems", J.
Chim. Phys. Phys.-Chim. Biol. 75(7-8), 679-88 (1978).

75. Gaillard, M. J.; Gemmell, D. S.; Goldring, G.; Levine, I.; Pietsch, W.

J.; Poizat, J. C.; Ratkowski, A. J.; Remillieux, J.; Vager, Z.; Zabran-
sky, B. J., "Experimental Determination of the Structure of Hydrogen Ion

(H+)", Phys. Rev. A, 17(6), 1797-803 (1978).

76. Bortsaikin, S. M.; Posashkov, S. A., "Spectral Terms and Wave Functions
of a Hydrogen (H+) Ion in a Problem of a Hydrogen (H+) Ion", Temat. Sb.
Nauch. Tr. Mosk. Aviats. in-t, (440), 20-7 (1978).

77. Siegbahn, P.; Liu, B., "An Accurate Three-Dimmensional Potential Energy
Surface for H3 ", J. Chem. Phys. 68(5), 2457-65 (1978).

78. Dykstra, Clifford E.; Gaylord, Arthur S.; Gwinn, William D.; Swope, Wil-
liam C.; Schaefer, Henry F. III, "The Uncoupled Symmetric Stretching
Frequency of H+", J. Chem. Phys. 68(8), 3951-52 (1978).

79. Yamabe, S.; Hirao, K.; Kitaura, K., "Theoretical Study on the Stability

and the Structure of H+ (n - 3, 5, 7, 9, 11)", Chem. Phys. Lett. 56(3),
546-8 (1978).

80. Bardo, Richard D.; Wolfsberg, Max, "The Adiabatic Correction for Nonlin-
ear Triatomic Molecules: Techniques and Calculations", J. Chem. Phys.

68(6) 2686-95 (1978).

81. Lupu, D.; Bucur, R. V., "Properties Suggesting H+-Type Clusters in Some
Metallic Hydrides", J. Phys. Chem. Solids, 38(4), 387-91 (1977).

82. Gentry, W. Ronald; Ringer, Geoffrey, "On the Possibility That Electron-
ically Excited Products May Be Formed in the Reaction H+ + H2 - H+ + H",
J. Chem. Phys. 67(11), 5398-9 (1977).

83. Douglass, Charles H.; McClure, Donald J.; Gentry, W. Ronald, "The Dynam-

ics of the Reaction H+ + H 2 -- H+ + H, with Isotopic Variations", J.
Chem. Phys. 67(11), 4931-40 (1977).

84. Malkhasyan, R. T.; Zhurkin, E. S.; Tunitskii, N. N., "Excitation of Hy-
drogen Ions (H3) and Dependence of the Cross Section of the Secondary

Ionic-Molecular Reaction H+ + Ar - ArH + + H2 on Excitation Energy of the

H3 Ion", Khim. Vys. Energ. 11(6), 400-2 (1977).

85. Hyatt, D.; Careless, P. N.; Stanton, L., "A Simple Ab-initio Potential

B-25



Surface for the Reaction H+(H2 ,H2)H in C2v Symmetry", Int. J. Mass
Spectrom. Ion Phys. 23(1), 45-50 (1977).

86. Alrichs, Reinhart; Votava, Christian; Zirz, Constantin, "Comment: The

Bound Z Excited Level of H+", J. Chem. Phys. 66(6), 2771-72 (1977).

87. Auerbach, D.; Cacak, R.; Caudano, R.; Gaily, T. D.; Deyser, C. J.; Mc-
Gowan, J. Wm.; Mitchell, J. B. A.; Wilk, S. F. J., "Merged Electron-Ion

Beam Experiments I. Method and Measurements of (e-H+) and (e-H+) Dis-

sociative-Recombination Cross Sections", J. Phys. B: Atom. and Molec.
Phys. 10(18), 3797-820 (1977).

88. Orient, 0. J., "Study of Plasma-Produced Hydrogen (H) Ions During the
Decay Period in Helium-Hydrogen Mixtures", J. Phys. B, 9(15), 2731-6
(1976).

89. Alvarez, Ignacio; Cisneros, Carmen; Barnett, C. F.; Ray, J. A., "Nega-
tive-Ion Formation From Dissociative Collisions of H2, H3, and HD2 in
Molecular Hydrogen, Helium, and Xenon", Phys. Rev. A, 14(2), 602-7

(1976).

90. Vestal, M. L.; Blakley, C. R.; Ryan, P. W.; Futrell, J. H., "Crossed-

Beam Study of the Reaction H(D 2 ,H2 )D2H
+ ", J. Chem. Phys. 64(5), 2094-

111 (1976)

91. Carney, G. D.; Porter, R. N., "H: Ab Initio Calculation of the Vibra-
tion Spectrum", J. Chem. Phys. 65(9), 3547-65 (1976).

92. Johnsen, Rainer; Huang, Chou-Mou; Biondi, Manfred A., "Three-Body Assoc-
iation Reactions of H+ and H+ Ions in Hydrogen from 135 to 300 K", J.
Chem. Phys. 65(4), 1539-1541 (1976).

93. Lees, A. B.; Rol, P. K., "Merging Beams Study of the H+ System", C. R. -

Symp. Int. Jets Mol. 5th, Paper No. D3, 8 Pp.. Com. Int. Jets Mol., C/o
Dr. F. Marcel Devienne: Peymeinade, Fr. (1975).

94. Anderson, James B., "Random-Walk Simulation of the Schroedinger Equa-
tion. Hydrogen Ion (H)", . Chem. Phys. 63(4), 1499-503 (1975).3)"975).

95. Hiraoka, K.; Kebarle, P., "Temperature Dependence of Third Order Ion

Molecule Reactions. Reaction H+ + 2H2 - H+ + H 2 ", J. Chem. Phys. 63(2),
746-9 (1975).

96. Hiraoka, K.; Kebarle, P., "Determination of the Stabilities of H+, H,

H, and HIl From Measurement of the Gas Phase Ion Equilibria Hn + H2 -

Hn+2 (n - 3,5,7,9)", J. Chem. Phys. 62(6), 2267-70 (1975).

97. Aberth, W.; Schnitzer, R.; Anbar, M., "Observations of the Diatomic and
Triatomic Hydrogen Negative Ions", Phys. Rev. Lett. 34(26), 1600-03

B-26



(1975).

98. Elford, M. T.; Milloy, H. B., "Mobility of H3 and Ions in Hydrogen and
the Equilibrium Constant for the Reaction H3 + 2H2  H + H2 at Gas Tem-
peratures of 195, 273, and 293 K", Aust. J. Phys. 27(6), 795-811 (1974).

99. Peart, B.; Dolder, K. T., "Measurements of the Dissociative Recombination

of Hydrogen (H+) Ions", J. Phys. B, 7(14), 1948-52 (1974).

100. Lees, A. B.; Rol, P. K., "Merging Beams Study of the H(

H2(D 2 ,H)HD2, and D2(H 2 ,H)HD2 Reaction Mechanisms", J. Chem. Phys.
61(11), 4444-9 (1974).

101. Schaad, L. J.; Hicks, W. V., "Gaussian Basis Configuration Interaction+ ~3 +
Calculations on Twenty Electronic States of H3. A Bound Zu Excited
Level", J. Chem. Phys. 61(5), 1934-42 (1974).

102. Bauschlicher, Charles W. Jr.; O'Neil, Stephen V.; Preston, Richard K.;
Schaefer, Henry F. III, "Avoided Intersection of Potential Energy Sur-

faces: The (H+ + H2, H + H+) System", J. Chem. Phys., 59(3), 1286-92
(1973).

103. Leu, Ming-Taun, "Recombination of Electrons with Positive Ions of the
Type H+, H+. H30+ .(H20)n), and HCO+ at Thermal Energies", 79 Pp.
Avail. Univ. Microfilms, Ann Arbor, Mich., Order No. 73-13,190 From:
Diss. Abstr. Int. B 1973, 33(12)(Pt. 1), 5998 (1972).

104. Patch, R. W., "Observability of the H+ Fundamental Spectrum", J. Chem.
Phys. 57(6), 2594-5 (1972).

105. Huang, Jan-Tsyu J., "Analytical Self-Consistent-Field Energy Expression
for Ground-State H+ Ion", J. Chem. Phys. 56(6), 3176-7 (1972).

106. Duben, Anthony J., "First Order Density Matrices From Configuration In-
teraction Wavefunctions for H3", 138 Pp. Avail. Univ. Microfilms, Ann
Arbor, Mich., Order No. 71-16,594 From: Diss. Abstr. Int. B 1971,
32(1), 152 (1970).

107. Haung, Jan-Tsyu J., "Simple Diatomics-in-Molecules Energy Expression
for M+ and Its Application to H+", J. Chem. Phys. 55(10), 5136-7
(1971).

108. Kawaoka, Kenji; Borkman, Raymond F., "Electric, Magnetic, and Spectral
Properties of H+ Ground State Calculated From Single-Center Wave Func-
tions", J. Chem. Phys. 55(9), 4637-41 (1971).

109. Middleton, C. R.; Payne, M. F.; Riviere, A. C., "Dissociation of H+

Ions at 410, 510, and 550 keV in Molecular Hydrogen Gas", J. Phys. B,
4(10), L88-L91 (1971).

B-27



110. Duben, Anthony J.; Lowe, John P., "Correlation Studies on H3. II.

Electron Densities and Expectation Values". J. Chem. Phys. 55(9), 4276-
82 (1971).

ill. Duben, Anthony J.; Lowe, John P., "Correlation Studies on H3. I. Wave
Functions", J. Chem. Phys. 55(9), 4270-5 (1971),

112. Huntress, W. T., Jr., "Ion Cyclotron Resonance Power Absorption. Col-
lision Frequencies for CO2, N2, and H3 Ions in Their Parent Gases", J.

Chem. Phys. 55(5), 2146-55 (1971).

113. Preston, Richard K.; Tully, John C., "Effects of Surface Crossing in

Chemical Reactions: The H+ System", J. Chem. Phys. 54(10), 4297-304

(1971).

114. Borkman, R. F., "Electric Quadrupole Moments for H2, H2 , and H3 from a

Point-Charge Model", Chem. Phys. Lett. 9(6), 624-6 (1971).

115. Kawaoka, Kenji; Borkman, Raymond F., "Single-Center Calculations on the

Electronically Excited States of Equilateral H+ Ion", J. Chem. Phys.
54(10), 4234-8 (1971).

116. Stecher, Theodore P.; Williams, David Arnold, "Interstellar H ", Astro-
phys. Lett. 7(1), 59-60 (1970).

117. Sumin, L. V.; Gur'ev, M. V., "Mechanism of Ion-Molecular Reactions of
the Formation of H in Hydrogen and CD+ in Deuteriomethane", Dokl.
Akad. Nauk SSSR, 193(4), 858-61 [Phys Chem] (1970).

118. Borkman, Raymond F., "Single-Center Configuration-Interaction Calcula-

tions on the Ground State of H ", J. Chem. Phys. 53(8), 3153-60 (1970).

119. Somorjai, R. L.; Yue, C. P., "Integral Transform Gaussian Wave Func-

H3
+ and H3 ", J. Chem. Phys. 53(5), 1657-61 (1970).

120. Mueller, Hans, "Theoretical Study of Hydrogen Polymers. I. Calcula-
tion of the Proton Affinities of H, H2, and H ", Z. Chem. 10(12), 478-9

(1970).

121. Csizmadia, Imre G.; Kari, R. E.; Polanyi, John C.; Roach, A. C.; Robb,
M. A., "Ab-initio SCF-MO-CI Calculations for H-, H2, and H+ Using Gaus-

sian Basis Sets", J. Chem. Phys. 52(12), 6205-11 (1970).

122. Burt, J. A.; Dunn, Jerry L.; McEwan, M. J.; Sutton, M. M.; Roche, A.
E.; Schiff, Harold I., "Ion-Molecule Reactions of H+ and the Proton Af-

finity of H2", J. Chem. Phys. 52(12), 6062-75 (1970).

123. Leventhal, Jacob J.; Friedman, Lewis, "Energy Transfer in the De-Exci-

B-28



tation of H+ by H2', J. Chem. Phys. 50(7), 2928-31 (1969).

124. Preuss, H.; Janoschek, R., "Wave-Mechanical Calculations on Molecules

Taking all Electrons into Account", J. Mol. Structure 3, 423-428

(1969).

125. Conroy, Harold, "Molecular Schrodinger Equation. X. Potential Sur-

faces for Ground and Excited States of Isosceles H+ and H+', J. Chem.

Phys. 51(9), 3979-3993 (1969).

126. Poshusta, R. D.; Haugen, J. A., "Ab Initio Predictions for Very Small

Ions", J. Chem. Phys. 51(8), 3343-3351 (1969).

127. Joshi, Bhairav D.; Anand, S. C., "Overlap Matrix Elements and Related
Integrals Involving Rk OeCne

R 2 -Type Correlation Function for Hin

Expansion Approximation", Indian J. Pure Appl. Phys. 6(12), 656-64

(1968).

128. Macias, A., "Configuration-Interaction Study of the H3 -System. II.

Expanded Basis", J. Chem. Phys. 49(5), 2198-209 (1968).

129. Albritton, D. L.; Miller, T. M.; Martin, D. W.; McDaniel, E. W., "Mo-

bilities of Mass-Identified H+ and H+ Ions in Hydrogen", Phys. Rev.

171(1), 94-102 (1968).

130. Macias, A., "Configtration-interaction Study of the H3 System. I. Is

Orbitals", J. Chem. Phys. 48(8), 3464-8 (1968).

131. Wu, Ay-Ju A.; Ellison, Frank 0., "Method of Diatomics-in-Molecules.

VII. Excited Singlet States of H+", J. Chem. Phys. 48(4), 1491-6

(1968).

132. Christoffersen, Ralph E.; Shull, Harrison, "Nature of the Two-Electron

Chemical Bond. VII. Multicenter Bonds and H+", J. Chem. Phys. 48(4),

1790-7 (1968).

133. Hughes, Raymond Hargett; Kay, David B.; Stigers, C. A.; Stokes, E. D.,

"Production of Hydrogen Atoms in the 3s State by the Dissociation of

Fast H+ and H+ Projectiles on Impact with Hydrogen, Helium, Argon, and

Neon", Phys. Rev. 167(1), 26-9 (1968).

134. Neynaber, Roy H.; Trujillo, S. M., "Study of H+ + H2 - H+ + H Using
Merging Beams", Phys. Rev. 167(1), 63-6 (1968).

135. Hopkinson, A. C.; Holbrook, N. K.; Yates, K.; Csizmadia, I. G., "Theor-

etical Study on the Proton Affinity of Small Molecules Using Gaussian

Basis Sets in the LCAO-MO-SCF Framework", J. Chem. Phys. 49(8), 3596-

3601 (1968).

B-29



136. Wu, Ay-Ju; Ellison, Frank 0., "Method of Diatomics-in-Molecules. VIII.
Excited Triplet States of H+", J. Chem. Phys. 48(11), 5032-5037 (1968).

137. Christoffersen, Ralph E. Shull, Harrison, "Nature of the Two-Electron

Chemical Bond. VII. Multicenter Bonds and H3", J. Chem. Phys. 48(4),

1790-1797 (1968).

138. Albritton, D. L.: Miller, T. M.; Moseley, J. T.; Martin, D. W.; McDan-

iel, E. W., "Mobilities of Mass-Identified H and H+ Ions in Hydrogen",
Phenomena Ioniz. Gases, Int. Conf., Contrib. Pap., 8th, Vienna, 12.
Springer-Verlag: Vienna, Austria. (1967).

139. Kutzelnigg, Werner- Ahlrichs, Reinhart; Labib-Iskander, I.; Bingel,
Werner A., "Hartree-Fock and the Correlation Energies of the H+ Ion and

Their Dependence on the Nuclear Configuration", Chem. Phys. Lett.

1(10), 447-50 (1967).

140. Schwartz, Maurice Edward; Schaad, Lawrence J., "Ab Initio Studies of

Small Molecules Using ls Gaussian Basis Functions. II. H3", J. Chem.
Phys. 47(12), 5325-34 (1967).

141. Ritchie, Calvin D.; King, Harry Frederick, "Theoretical Studies of Pro-
ton-Transfer Reactions. I. Reactions of Hydride Ion with Hydrogen

Fluoride and Hydrogen Molecules", J. Am. Chem. Soc., 90(4), 825-3

(1968).

142. Conroy, Harold; Bruner, Buddy L., "Molecular Schroedinger Equation.
VI. Results for H 3 and Other Simple Systems", J. Chem. Phys. 47(3),

921-9 (1967).

143. Solov'ev, E. S.; Il'in, R. N.; Oparin, V. A.; Fedorenko, N. V., "Pro-
duction of Highly Excited Hydrogen Molecules and Atoms by Fast H+ and

H3 Ions Passing Through Hydrogen, Neon, and Magnesium and Sodium
Vapor", Zh. Eksp. Teor. Fiz. 53(6), 1933-41 (1967).

144. Devienne, F. Marcel; Roustan, Jean C., "Existence and Some Properties

of Tri-tomic Moleculir Jets nf Hydrogen", C. R. Acad. Sci., Ser. A B
(See CHASAP and CHDBAN), 263B(25), 1389-92 (1966).

145. Pfeiffer, Gary V.; Huff, Norman T.; Greenawalt, E. M.; Ellison, Frank
0., "Method of Diatomics in Molecules. IV. Ground and Excited States

of H3 , H+, H and H+", J. Chem. Phys. 46(2), 821-2 (1967).

146. Considine, James P.; Hayes, Edward F., "Single-Center Wave Functions
for H and H3 ", J. Chem. Phys. 46(3), 1119-24 (1967).

147. Wu, Ay-Ju; Ellison, Frank 0., "Method of Diatomics-in-Molecules. VII.

Excited Singlet States of H+", J. Chem. Phys. 48(4), 1491-1497 (1967).

B-30



148. Kutzelnigg, W.; Ahlrichs, R.; Labib-Iskander, I.; Bingel, W. A., "The

Hartree-Fock and the Correlation Energies of the H Ion and Their Depen-

dence on the Nuclear Configuration", Chem. Phys. Lett. 1(10), 447-450

(1967).

149. Schwartz, Maurice E.; Schaad, L. J., "Ab Initio Studies of Small Mole-

cules Using is Gaussian Basis Functions. II. H+1, J. Chem. Phys.

47(12), 5325-5334 (1967).

150. Considine, J. P.; Hayes, E. F., "Single-Center Wavefunctions for H, and
H3", J. Chem. Phys. 46(3), 1119-1124 (1967).

151. Buchheit, K.; Henkes, W., "Untersuchung der Massenverteilung von Was-
serstoff-Agglomerat-lonen in Einem Massenspektrometer mit Energiezer-

legung", Z. Angew. Phys. 24(4), 191-6 (1967).

152. Schwartz, Maurice Edward, "Hellmann-Feynman Theorem and the Correlation
Energy of H+", J. Chem. Phys. 45(12), 4754-5 (1966).

153. Williams, James Francis; Dunbar, D. N. F., "Charge Exchange and Dissoc-

iation Cross Sections for H+, H+, and H+ Ions of 2- to 50-keV Energy
Incident Upon Hydrogen and the Inert Cases", Phys. Rev. 149(1), 62-9

(1966).

154. Joshi, Bhairav D., "Study of the H3 Molecule Using Self-Consistent-
Field One-Center Expansion Approximation", J. Chem. Phys. 44(9), 3627-

3631 (1966).

155. Pearson, A. G.; Poshusta, R. D.; Browne, J. C.,"Some Potential-Energy

Surfaces on H+ Computed with Generalized Gaussian Orbitals", J. Chem.
Phys. 44(5), 1815-1818 (1966).

156. Tester, William A. Jr.; Krauss, Morris, "Some Aspects of the Coulomb
Hole of the Ground State of H ", J. Chem. Phys., 44(l), 207-212 (1966).

B-31



Section III: H+ (and HN, N > 4)

1. Hobza, P.; Schneider, B.; Sauer, J.; Carsky, P.; Zahradnik. R., "MP4 In-

rriiction Energis ind Ba;i Set Superposition Errors for tIhe Molecular

INytrogen (1H2))) Dimer" , Chem. Phys. Lett. 134(5), 418-22 (1981).

2. Me -opoulos, A.; Nicolaides, C. A., "Towards Understanding the Stability

if the H4 (C3 v) Cluster", Z. Phys. D: At., Mol. Clusters, 5(2), 175-80

(1987).

3. Theodorakopoulos, G.; Petsalakis, I. D.; Nicolaides, C. A., "Potential

Energy Hypersurfaces of the Hydrogen Tetraatomic Molecule in the Ground

and the First Two Singlet Excited Electronic States", THEOCHEM, 34(1-2),

23-31 (1987).

4. Yamaguchi, Yukio: Gaw. Jeffrey F.; Remington, Richard B.; Schaefer, Henry

F. III; "The H+ Potential Energy Hypersurface: Characterization of Ten

Distinct Energetically Low-Lying Stationary Points", J. Chem. Phys.

86(9), 5072-5081 (1987)

5. Hiraoka, Kenzo, "A Determination of the Stabilities of H (H2) with n -
. 2)n1-9 from Measurements of the Gas-Phase Ion Equilibria H3(2)nlI + H 2 -

H+(H2)n" Chem. Phys. 87(7), 4048-55 (1987).

6. Kirchner, N. J. Bowers, M. T., "An Experimental Study of the Formation

and Reactivity of Ionic Hydrogen Clusters: The First Observation and

Characterization of the Even Clusters H4, H+ , H8, and HtO" J. Chem.

Phys. 86(3), 1301-1310 (1987).

7. Kirchner, N. J. ; Bowers, M. T. , "Fragmentation Dynamics of Metastable

Hydrogen Ion Clusters H , H7 and H9: Experiment and Theory", J. Phys.

Chem. 91, 2573-2582 (1987).

8. Forward, R., "Prospects for Antiproton Production and Propulsion", Proc.

Cooling, Condensation, and Storage of Hydrogen Cluster Ions Workshop,

1/8-9/87, 9-26. Edited by John T. Bahns. University of Dayton Research

Institute (1987)

9. Saxon, R., "Overview of Hydrogen Clusters", Proc. Cooling, Condensation,

and Storage of Hydrogen Cluster Ions Workshop, 1/8-9/87, 27-37. Edited

by John T. Bahns. University of Dayton Research Institute (1987).

10 Stwalley, W. C., "Large Hydrogen Cluster Ions", Proc. Cooling, Condensa-

tion, and Storage of Hydrogen Cluster Ions Workshop, 1/8-9/87, 39-45.

Edited by John T. Bahns. University of Dayton Research Institute

(1987).

11. Bahns, J. T., "Introduction to the Workshop on Cooling, Condensation and

B-32



Storage of Hydrogen Cluster Ions Workshop, 1/8-9/87, 1-7. Edited by

John T. Bahns. University of Dayton Research Institute (1987).

12. Bowers, M. T. , "Formation and Reactivity of Small Hydrogen Cluster

lo- ', Proc. Cooling, Condensation, and Storage of Hydrogen Cluster Ions

Workshop, 1/8-9/87, 61-72. Edited by John T. Bahns. University of Day-

ton Research Institute (1987).

13. Yamaguchi, Yukio; Caw, Jeffrey F.; Remington, Richard . Schaefer,
Henry F. III, "The H+ Potential Energy Hypersurface. Characterization
of Ten Distinct Energetically Low-Lying Stationary Points", Proc. Cool-

ing, Condensation, and Storage of Hydrogen Cluster Ions Workshop, 1/8-

9/87, 73-79. Edited by John T. Bahns. University of Dayton Research

Institute (1987).

14. Montgomery, J. A. Jr.; Michels, H. H., "Electronic Structure and Stabil-

ity of Small Cat.on and Anion Hydrogen Clusters", Proc. Cooling, Conden-
sation, and Storage of Hydrogen Cluster Ions Workshop, 1/8-9/87, 81-94.

Edi.ed by John T. Bahns. University of Dayton Research Institute

(1987).

15. Crofton, M., "Infrared Spectroscopy of H+", Proc. Cooling, Condensation,

and Storage of Hydrogen Cluster Ions Workshop, 1/8-9/87, 119-124.

Edited by John T. Bahns. University of Dayton Research Institute

(1987).

16. Yeh, L. I.; Okumura, M.; Myers, J. D.; Lee, Y. T., "Vibrational Spec-

troscopy of the Hydrogen and Hydrated Hydronium Cluster Ions", Proc.

Cooling, Condensation, and Storage of Hydrogen Cluster Ions Workshop,

1/8-9/87, 125-141. Edited by John T. Bahns. University of Dayton Re-

search Institute (1987).

i7. Mitchell, J. B. A., "The Role of Electron-Ion Recombination in Bulk An-
timatter Production", Proc. Cooling, Condensation, and Storage of Hydro-

gen Cluster Ions Workshop, 1/8-9/87, 143-156. Edited by John T. Bahns.

University of Dayton Research Institute (1987).

18. Bahns, J. T., "Key Problems and Hydrogen Atom Formation", Proc. Cooling,

Condensation, and Storage of Hydrogen Cluster Ions Workshop, 1/8-9/87,

219-230. Edited by John T. Bahns. University of Dayton Research Insti-

tute (1987).

19. Bahns, J. T.; Sando, K. M.; Tardy, D. C ; Stwalley, W. C., "Proceedings
of the Hydrogen Cluster Ion Study Group", Proc. Cooling, Condensation,

and Storage of Hydrogen Cluster Ions Workshop, 1/8-9/87, AI-64. Edited

by John T. Bahns. University of Dayton Research Institute (1987).

20. Cardelino, B. H.; Eberhardt, W. H.; Borkman, R. F., "Ab Initio SCF Cal-
culation on Lithium-Hydrogen (LinHm ) Molecules and Cations with Four or

Less Atoms", J. Chem. Phys. 84(6), 3230-42 (1986).

B-33



21. Roszak, S.; Sokalski, W. A.; Hariharan, P. C.; Kaufman, Joyce J., "Pro-
cedure Supplementing SCF Interaction Energies by Dispersion Term Evalu-

ated in Dimer Basis Set within Variation-Perturbation Approach", Theor.

Chim. Acta, 70(2), 81-8 (1986).

22. Yeh, L. I.; Okumura, M.; Lee, Y. T., "The Vibrational Predissociation
Spectroscopy of Hydrogen Cluster Ions", 813-818 in "Electronic and At-
omic Collisions", Edited by D. C. Lorents, W. E. Meyerhof, J. R. Peter-
son, Elsevier Science Publishers B. V., NY (1986).

23. Okumura, M; Yeh, L. I.; Lee, Y. T., "The Vibrational Predissociation
Spectroscopy of Hydrogen Cluster Ions", J. Chem. Phys., 83(7), 3705-6

(1985).

24. Nicolaides, C. A.; Theodorakopoulos, G.; Petsalakis, I. D., "Theory of
Chemical Reactions of Vibronically Excited Diatomic Hydrogen (B1E+). I.
Prediction of a Strongly Bound Excited State of Tetraatomic Hydrogen",
J. Chem. Phys. 80(4), 1705-6 (1984).

25. Kirchner, Nicholas J.; Gilbert, James R.; Bowers, Michael T., "The First
Experimental Observation of Stable Hydrogen (H+) Ions", Chem. Phys.
Lett. 106(1-2), 7-12 (1984).

26. MacDonald, Jeffrey A.; Biondi, Manfred A.; Johnsen, Rainer, "Recombina-
tion of Electrons with Hydrogen (H+ and H+) Ions", Planet. Space Sci.
32(5), 651-4 (1984).

27. Beuhler, R. J.; Friedman, L., "Cluster Ion Formation in Free Jet Expan-

sion Process at Low Temperatures", Ber. Bunsenges. Phys. Chem. 88, 265
(1984).

28. Moser, H. 0., "Time of Flight Spectroscopy of Sub-meV Cluster Ions in

the Mass Range 1-106 Atoms per Charge", Rev. Sci. Instrum. 55(12), 1914-
1923 (1984).

29. Kutina, R. E.; Edwards, A. K.; Pandolf, R. S.; Berkowitz, J., "UV Laser
Photodissociation of Molecular Ions", J. Chem. Phys. 80(9), 4112-9
(1984).

30. Jungen, Martin; Staemmler, Volker, "Rydberg States of the Hydrogen Tet-
ramer (H4)", Chem. Phys. Lett. 103(3), 191-5 (1983).

31. Pulay, Peter, "Variational Formulation and Gradient Evaluation for Cou-
pled Electron Pair Approximations: A Model Study", Int. J. Quantum
Chem., Quantum Chem. Symp. 17, 257-63 (1983).

32. Takahashi, Mitsuo; Fukutome, Hideo, "Projected BCS Tamm-Dancoff Method
for Molecular Electronic Structures", Int. J. Quantum Chem. 24(6), 603-

21 (1983).

B-34



33. Brown, Richard E.; Colpa, Johannes Pieter, "SCF and Cl Studies of Hund's

Rules for the Effects of Electronic Correlation and Delocalization. I",

Int. J. Quantum Chem. 24(6), 593-602 (1983).

34. Wilson, S.; Jankowski, K.; Paldus, J. "Applicability of Nondegenerate

Many-Body Perturbation Theory to Quasi-Degenerate Electronic States:

Model Study", Int. J. Quantum Chem. 23(5), 1781-802 (1983).

35. Yamaguchi, Yukio; Gaw, Jeffrey F.; Schaefer, Henry F. , Ill, " alecular

Clustering about a Positive Ion. Structures, Energetics, -id Vibra-

tional Frequencies of the Protonated Hydrogen Clusters H3, H5, H7, and

931 J. Chem. Phys. 78(6, Pt. 2), 4074-85 (1983).

36. Beuhler, R. J.; Ehenson, S; Friedman, L., "Hydrogen Cluster Ion Equilib-

ria", J. Chem. Phys. 79(12), 5982-90 (1983).

37. Elford, M. T., "The Heat of Dissociation of H; Derived from Measurements

of Ion Mobilities", J. Chem. Phys. 79(12) 5951-5959 (1983).

38. Hirao, K; Yamabe, S., "Theoretical Study on the Structure and Stability

of Hydrogen Ion Clusters H and H- (n - 3, 5, 7, 9, 11, 13)", Chem.

Phys. 80, 237-243 (1983).

39. Huber, H.; Szekeley, D., "Near-Hartree-Fock Energies and Geometries of

the Hydrogen Clusters H+ (n (odd) < 13) Obtained with Floating Basis

Sets", Theor. Chim. Acta 62, 499-506 (1983).

40. Raynor, S.; Herschbach, D. R., "Electronic Structure of Hn and HeHn

Clusters", J. Phys. Chem. 87, 289-293 (1983).

41. Wright, L. R.; Borkman, R. F., "Ab Initio Studies on the Stabilities of

Even- and Odd-Membered Hydrogen (H+) Clusters", J. Chem. Phys. 77(4),

1938-41 (1982).

42. Borisov, Yu. A., "The Functional of the Electron Density for Atoms and
Molecules", Chem. Phys. Lett. 93(2), 197-200 (1982).

43. Beuhler, R. J.; Friedman, L., "Hydrogen Cluster Ions", Phys. Rev. Lett.
48(16), 1097-99 (1982).

44. Chanut, Y.; Martin, J.; Salin, R.; Moser, H.O., "Production and Beam Ana-
lysis of Energetic Small Hydrogen Cluster Ions for Study of Their Inter-
actions with Targets and Their Structure", Surface Science 106(1-3), 563-
8 (1981).

45. Yano, K.; Bee, S. H., "Mass Analyses of Cluster Ion Beams by Wein Fil-
ter", Jap. J. of Appl. Phys. 19(6), 1019-25 (1980).

46. Huber, H., "Geometry Optimization in Ab Initio SCF Calculations. The

Hydrogen Clusters Hn (n - 7, 9, 11, 13)", Chem. Phys. Lett. 70(2), 353-7

B-35



(1980).

47. Anderson, S. L.; Hirooka, T.; Tiedelmann, P. W.; Mahan, B. H.; Lee, Y.
T. , "Photoionization of (H2 )2 and Clusters of 02 Molecules", J. Chem.
Phys. 73(10), 4779-4783 (1980).

48. Bunker, P. R., "Symmetry in Molecular Hydrogen Dimer ((H2 )2 ), Molecular

Deuterium Dimer ((D2) 2 ), Hydrogen Deuteride Dimer ((HD) 2 ), and H2 -D2 Van

der Waals Complexes", Can. J. Phys. 57(12), 2099-105 (1979).

49. Vojtik, J.; Polak, R. , "On the Multidimensional "Avoided Surface Cross-

ing" Problem", Chem. Phys. 42(1-2), 177-82 (1979).

50. Van Lumig, A.; Reuss, J.; Ding, A; Weise, J.; Rindtisch, A., "Double+
Differential Fragmentation Cross Section Measurements of H2n+l Ions, n<

7", Mol. Phys. 38(2), 337-351 (1979).

51. Huber, H., "Geometry Optimization in Ab Initio SCF Calculations. Float-
ing Orbital Geometry Optimization Applying the Hellmann-Feynman Force",
Chem. Phys. Lett. 62(1), 95-99 (1979).

52. Sapse, A. M.; Rayez-Meaume, M. T.; Rayez, J. C.; Massa, L. J., "Ion-

Induced Dipole Hn Clusters", Nature 278, 332-33 (1979).

53. Van Lumig, A.; Reuss, J., "Collisions of Hydrogen Cluster Ions with a
Gas Target, at 200-850 eV Energy", Int. J. Mass Spectrom. Ion Phys.

27(2), 197-208 (1978).

54. Polak, R.; Vojtik, J.; Schneider, F., "Analysis of DIM Energy Hypersur-
faces for Some Hydrogenic and Lithium Clusters", Chem. Phys. Lett.

53(1), 117-20 (1978).

55. Stine, J. R.; Muckerman, J. T., "Charge Exchange and Chemical Reaction
in the H + + H2 System. I. Characterization of the Potential Energy
Surfaces and Nonadiabatic Regions", J. Chem. Phys. 68(1), 185-94 (1978).

56. Polak, R., "Diatomics-in-Molecules Study on the Stability of the H+

Ion", Chem. Phys. 16(3), 353-9 (1976).

57. Krenos, J. R.; Lehmann, K. K.; Tully, J. C.; Hierl, P. M.; Smith, G. P.,
"Crossed-Beam Study of the Reactions of Molecular Hydrogen(+) with Mol-

ecular Deuterium and Molecular Deuterium(+) with Molecular Hydrogen",

Chem. Phys. 16(1), 109-16 (1976).

58. Arifov, U. A.; Lugovskoi, V. B.; Makarenko, V. A., "Emission of Negative

Ions During Irradiation of Metals by Microsecond Pulses of Ruby Laser

Radiation", Izv. Akad. Nauk SSSR, Ser. Fiz. 40(8), 1702-6 (1976).

59. Cobb, M.; Moran, T. F.; Borkman, R. F.; Childs, R., "Ab Initio Potential
Energy Curves for H2-H+ Interactions", Chem. Phys. Lett. 57(3), 326-30

B-36



(1978).

60. Yamabe, S.; Hirao, K.; Kitaura. K., "Theoretical Study on the Stability

and the Structure of H+ (n - 3, 5, 7, 9, 11)", Chem. Phys. Lett. 56(3

546-8 (1978).

61. Johnsen, Rainer; Huang, Chou-Mou; Biondi, Manfred A., "Three-Body Assrwi -

ation Reactions of H+ and H Ions in Hydrogen from 13' to 300 K", .

Chem. Phys. 65(4), 1539-1541 (1976).

62. Carsky, Petr; Zahradnik, Rudolf; Hobza, Pavel, "Semiempirical Estimates

of the Correlation Energy in Small Clusters of Hydrogen Atoms", Theor.

Chim. Acta, 40(4), 287-95 (1975).

63. Hiraoka, K.; Kebarle, P., "Temperature Dependence of Third Order Ion

Molecule Reactions. Reaction H+ + 2H2 - HE + H2 ", J. Chem. Phys. 63(2),

746-9 (1975).

64. Hiraoka, K.; Kebarle, P., "Determination of the Stabilities of H', H ,__ Eq i ib i +  5 72

H and HI+ From Measurement of the Gas Phase Ion Equilibria H+ + H 2

Hn+ 2 (n - 3,5,7,9)", J. Chem. Phys. 62(6), 2267-70 (1975).

65. Aberth, W.; Schnitzer, R.; Anbar, M., "Observations of the Diatomic and

Triatomic Hydrogen Negative Ions", Phys. Rev. Lett. 34(26), 1600-03

(1975).

66. Ahlrichs, R., "Theoretical Study of the H+ System", Theoret. Chim. Acta

39, 149-160 (1975).

67. Elford, M. T.; Milloy, H. B., "Mobility of H3 and H Ions in Hydrogen
and the Equilibrium Constant for the Reaction H3 + 2H2 . H + H2 at Gas

Temperatures of 195, 273, and 293 K", Aust. J. Phys. 27(6), 795-811

(1974).

68. Harrison, S. W.; Massa, L. J.; Solomon, P., "Binding Energy and Geometry
of the Hydrogen Clusters Hn, Nature 245, 31-2 (1973).

69. Salmon, W. I.; Poshusta, R. D., "Polarized-Orbital Valence-Bond Calcula-
tions on the Ground State Properties of H+", J. Chem. Phys. 59(9), 4867-
70 (1973).

70. Van Deursen, A.; Reuss, J., "Measurements of Intensity and Velocity Dis-
tribution of Clusters from a H2 Supersonic Nozzle Beam", Int. J. of Mass
Spectrom. and Ion Phys. 11, 483-489 (1973).

71. Leu, Ming-Taun, "Recombination of Electrons with Positive Ions of the
Type H+, H+, H3O

+ .(H20)n), and HCO+ at Thermal Energies", 79 Pp.
Avail. Univ. Microfilms, Ann Arbor, Mich., Order No. 73-13,190 From:
Diss. Abstr. Int. B 1973, 33(12)(Pt. 1), 5998 (1972).

B-37



72. Bennett, S. L.; Field, F. H.; "Reversible Reactions of Gaseous Ions.

VII. The Hydrogen System", J. Am. Chem. Soc. 94(25), 8669-72 (1972).

73. Andreev, St., "Configurations of the Polyatomic Hydrogen Molecules H4

and H+", God. Vissh. Khimikotekhnol. Inst., Sofia, Volume Date 1967,

14(1), 85-90 (1971).

74. Arifov, U. A.; Pozharov, S. L.; Chernov, I. G.; Mukhamediev, Z. A.,

"Ionic-Molecular Reactions in Hydrogen at High Pressures", High Energy

Chemistry 5, 69 (1971).

75. Clampitt, R.; Gowland, L., "Clustering of Cold Hydrogen Gas on Protons",

Nature 223, 815-816 (1969).

76. Schwartz, M. E.; Schaad, L. J., "Ab Initio Studies of Small Molecules

Using ls Gaussian Basis Functions. III. LCGTO SCF MO Wavefunctions of

the Three- and Four-Electron Systems He+, He2 , and Linear H3 , H+, H4",

J. Chem. Phys. 48(10), 4709-15 (1968).

77. Pfeiffer, Gary V.; Huff, Norman T.; Greenawalt, E. M.; Ellison, Frank

0., "Method of Diatomics in Molecules. IV. Ground and Excited States

of H+, H+, H+ and H+", J. Chem. Phys. 46(2), 821-2 (1967).

78. Buchheit, K.; Henkes, W., "Untersuchung der Massenverteilung von Wasser-

stoff-Agglomerat-lonen in Einem Massenspektrometer mit Energiezerleg-

ung", Z Angew. Phys. 24(4), 191-6 (1967).

B-38


